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nSUMMARY
The purpose of th is  thesis was to inves tiga te  the s u i t a b i l i t y  o f 
cod and other f is h  erythrocytes fo r  the assay of staphylococcal 5-haemolysin. 
The inves tiga tion  adopted two broad approaches: (1) determining conditions
fo r  storage of f is h  e ry th rocy tes , (2) the development of an assay system 
using f is h  erythrocytes as an ind ica to r of haemolysis.
The preservation of erythrocytes from cod (Gadus morhua) , saithe 
(Pollachius v ire n s ) and mackerel (Scomber scombrus) was studied using 
diemthyl sulphoxide (DMSO) as a p ro tec tive  add it ive . Equal volumes of 
DMSO solu tion (15-30% in c i t ra te  dextrose sa line) and c itra te d  blood were 
mixed, ra p id ly  frozen and stored in ampoules in  l iq u id  nitrogen. The - 
optimum concentration of DMSO was 12.5% and erythrocyte recoveries of 
greater than 90% were obtained from a l l  species a f te r  storage fo r  up to 
f iv e  months. Larger quan t it ies  of blood were stored by removal of plasma 
from c itra te d  blood p r io r  to addition of DMSO so lu t io n ,  and by storage of 
pelleted frozen blood in aluminium canisters in l iq u id  nitrogen. Maximum 
recoveries of washed in ta c t  erythrocytes required thawing of pe lle ts  in  
12.5% DMSO solu tion and washing w ith c i t ra te /d e x tro se /sa lin e  solutions 
containing decreasing concentrations of DMSO. Washed erythrocytes could be 
kept at 4^ fo r  at least two days w ithout appreciable haemolysis and were
morphologically s im ila r  to fresh erythrocytes and equally susceptible to
staphylococcal 6-haemolysin. '
The 6-haemolysin of Staphylococcus aureus s tra in  NCTC 10345 was 
p u r if ie d  by absorption to and se lective  e lu tion  from hydroxylapatite and, 
a f te r  d ia ly s is  against phosphate buffered sa line , concentrated by u l t r a ­
f i l t r a t i o n .
On polyacrylamide disc gel electrophoresis p u r i f ie d  6-haemolysin
gave a single broad band in acid gels (separation at pH 4.3) and two bands in
111
a lka line  gels (separation at pH 9 .3 ). A fte r  is o e le c t r ic  focusing, a l l  
haemolytic a c t iv i t y  was associated with a single component of is o e le c tr ic  
po int 4.5. No a- or 3 -haemolysin was detectable in  the preparation.
Haemolysis of f is h  erythrocyte by 6-haemolysin occurred rap id ly  
and haemolysin t i t r e  was independent of incubation temperature over the 
range 0® to 37^. A c t iv i t y  was not affected by 2-mercaptoethanol, and with 
blood from twelve ind iv id ua l cod and f iv e  saithe no s ig n i f ic a n t  ind iv idua l 
va r ia t ion  was found in erythrocyte s e n s i t iv i t y .  Incubation o f constant 
amounts o f 6-haemolysin w ith  varying concentrations of human, cod or mackerel 
ce lls  showed tha t erythrocytes of d i f fe re n t  species did not respond to 
6-haemolysin in the same way. With f is h  e ry th rocytes, the percentage ce ll  
lys is  was a l in e a r function of log erythrocyte concentration whereas fo r  
human erythrocytes a curve was obtained.
Fish erythrocytes were incorporated in to  agar fo r  assay of 
6-haemolysin by e igh t s tra ins  o f staphylococci. As the f is h  erythrocytes 
tested were thermolabile at 37^ staphylococci were inoculated onto nu tr ien t 
agar p la tes, incubated in  a i r  fo r  24 hr at 37^ and the plates overla id with 
blood agar. In a l l  cases zones of haemolysis were observed a f te r  24 hr a i 
4^ which were larger than those obtained on human or horse blood agar. 
Incubation of the n u tr ie n t  agar plates in an atmosphere o f 25% CO^  rather 
than a i r  y ie lded smaller zones o f haemolysis w ith a l l  s tra ins  in  cod or human 
blood agar but larger zones on sheep blood agar.
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INTRODUCTION
Since S ir Alexander Ogston (1882) introduced the name 
"staphylococcus" fo r  a c luster-fo rm ing coccus which he considered responsible 
fo r  certa in abscesses in  man, much progress has been made in  is o la t in g  and 
pu r ify ing  the e x tra c e l lu la r  products of staphylococci as an aid to understanding 
the mechanisms of staphylococcal pathogenicity.
For reviews on haemolysins ( to x in s ) ,  see Bernheimer (1965, 1968, 
1970), Gladstone (1966), Arbuthnott (1970), Wiseman (1970), Jeljaszewicz (1967, 
1972) and Kwarecki ^  (1972); fo r  reviews on some of the d i f fu s ib le
enzymes including staphylocoagulase, hyaluronidase, phosphatase and nuclease, 
see Abramson (1972). Other factors  such as enterotoxins are discussed by 
Bergdoll (1967, 1970, 1972) and leucocidin by Woodin (1970, 1972). Farrer & 
McLeod (1960) and Shulman & Nahmias (1972), have dea lt w ith c l in ic a l  aspects 
of staphylococcal in fe c t io n s .
The Pathogenicity of Staphylococcus aureus
S. aureus, which is  present in the nose and on the skin o f a high 
proportion of healthy people, is  capable o f i n i t i a t in g  a wide va r ie ty  of acute 
in fec t ions . I t  is  most l ia b le  to in fe c t  new-born in fa n ts ,  surgical pa tien ts , 
old and malnourished persons and patients with diabetes or other chronic and 
d e b i l i ta t in g  diseases.
I t  is  generally  agreed tha t staphylococcal in fec t ions  can be 
fa c i l i t a te d  by damage to skin (e.g. burns, wounds, primary skin diseases), 
defects in  leucocyte function  (e.g. in phagocytosis, chemotaxis or in t r a c e l lu la r  
bacteria l k i l l i n g ) ,  p r io r  v i r a l  in fec t ions  (e.g. in f luenza , measles'), presence 
of foreign bodies (e.g. intravenous catheters, sutures) and the a lte ra t io n  o f 
host defence mechanisms of bacte r ia l in terference by a n t ib io t ic s  to which the 
in fe c t ing  S. aureus is  not susceptible.
Shulman & Nahmias (1972) divided staphylococcal in fec tions  in to  
two major groups:
( 1 ) in fec t ions  occurring lo c a l ly  or invo lv ing contiguous s i te s ,  e.g. sk in , 
eye, nose and th ro a t ,  ga s tro in tes t ina l t r a c t ,  urethra and vagina:
(2 ) in fec tions which are spread p r im a r i ly  via the bloodstream, g iving 
metastatic s ites  in  bones and jo in t s ,  lungs, sk in , muscle, heart, 
kidney or central nervous system.
Fortunate ly, S. aureus usually only causes loca l skin in fe c t io n s ; 
few ind iv idua ls  get serious local or contiguous in fec t ions  and even fewer 
develop bacteraemia w ith subsequent death.
Staphylococcal in fe c t io n  of the skin is  perhaps the most common of 
a l l  bacteria l in fe c t io n s . I t  ranges from f o l l i c u l i t i s  to more severe forms 
such as b o i ls ,  h id raden it is  suppurativa and carbuncles which involve the 
subcutaneous tissues in  addition to the f o l l i c l e .
In new-born in fa n ts ,  impitigenous lesions or T.E.N. (Toxic Epidermal 
Necrolysis) of R i t te r 's  type (also known as L y e l l 's  disease or "scalded skin" 
syndrome) are among the other skin manifestations o f S. aureus in fe c t io n .  
Impitigenous les ions, which occur frequen tly , may be caused by e ithe r S. aureus 
or group A streptococci alone or by both, and such in fe c t ions  are d i f f i c u l t  to 
d i f fe re n t ia te  c l in i c a l l y .  The R i t te r 's  type "T.E.N." has recently  been shown 
to be caused by phage group I I  staphylococci and is  p a r t ic u la r ly  associated 
w ith phage type 71 (Jefferson, 1967; L y e l l ,  Dick & Alexander, 1969; Arbuthnott 
^  Hi* » 1969, 1971 , 1972; Melish & Glasgow, 1970). A soluble e x tra ce l lu la r  
epidermolytic tox in  containing no detectable haemolytic a c t iv i t y  has been 
isolated and demonstrated in vivo to cause extensive s p l i t t in g  of the epidermis 
in newborn mice (Arbuthnott e t , 1971). Apart from the entero toxic s tra ins
of staphylococci th is  is  a t present the only instance in  which a soluble 
product of staphylococci has been unequivocally shown to play a ro le  in 
staphylococcal pathogenicity.
In addition to th is  recently  observed epidermolytic to x in , S. aureus 
s tra ins  from human and animal o r ig in  also produce, in v i t r o ,a large number of 
e x tra c e l lu la r ,  enzymic or to x ic  factors  including staphylocoagulase, leucocid in, 
enterotoxins, hyaluronidase, phosphatase, nuclease, p e n ic i l l in a s e ,  proteases, 
lipase , catalase, lac ta te  dehydrogenase and lysozyme. Also there are various 
haemolysins ( c y to ly t ic  tox ins) which are believed to play a ro le  in  the 
infected host. Many attempts have been made to corre la te  staphylococcal 
virulence w ith these factors  but in sp ite  of the several toxins and enzymes 
which have been id e n t i f ie d  there is  l i t t l e  clear understanding of v iru lence in 
chemical terms. Indeed the existence of an un iden tif ied  "v iru lence fa c to r"  
produced only in  vivo has been postulated by Abramson (1972). However, the 
po ten tia l importance of these enzymes and toxins in  staphylococcal pathogenicity 
should not be disregarded - ce r ta in ly  not the haemolysins, some of which have 
a broad spectrum of c y to ly t ic  a c t iv i t ie s .  In th is  thesis only the haemolysins 
w i l l  be considered in  any d e ta i l .
Staphylococcal haemolysins
I t  is  now established tha t at least four d i f fe re n t  haemolysins,
(a -, 3“ , y -  and 6-haemolysins) are produced by staphylococci. The a- and 
6-haemolysins are more frequently  produced by coagulase-positive s tra ins  o f 
human o r ig in  whereas 3-haemolysin is  produced p r in c ip a l ly  by s tra ins  from 
animals (Elek & Levy, 1950). Alpha-, 3- and 6-haemolysins are the only tox ic  
factors  of S. aureus which have been p u r if ie d  and characterized. The physical
n II
properties of y - ly s in  were described by Mollby & Wadstrom (1971) who reported
i t  to be a prote in w ith a p i of 9.5. A fu r th e r  haemolysin (e-) has been 
postulated (Elek & Levy, 1950) but not d e f in i te ly  id e n t i f ie d  because of the 
complexities created by the m u lt ip le  molecular forms of a - ,  3- and 6-haemolysins 
and absence of a p u r i f ie d  preparation. Indeed, e-haemolysin was la te r  
demonstrated to be ide n t ica l w ith 6 - lys in  by Kleck & Donahue (1968).
Many ea rly  reports of haemolysins, p a r t ic u la r ly  w ith respect to 
b io log ica l p roperties , are d i f f i c u l t  to in te rp re t  because the preparations 
were of unknown p u r i ty .  The fo llow ing sections on the physical form and 
haemolytic a c t iv i t y  of a - ,  3- and 6-haemolysin therefore deal only w ith reports 
of the la s t  dozen years.
Alpha-haemolysin
Physical p rope rt ies . I t  appears tha t a-haemolysin can e x is t  in  three 
physical states:
(1) b io lo g ic a l ly  active 3S soluble lys in  - a3S (Bernheimer & Schwartz, 1963; 
Lominski, Arbuthnott & Spence, 1963; Cooper, Madoff & Weinstein, 1966; 
Coulter, 1966)
(2) b io lo g ic a l ly  inac tive  12S soluble lys in  - al2S (Bernheimer & Schwartz, 
1963; Lominski e t  , 1963)
(3) b io lo g ic a l ly  inac tive  insoluble lys in  (Coulter, 1966; Arbuthnott, Freer 
& Bernheimer, 1967).
The 12S and insoluble form of a - ly s in  were found to possess l i t t l e  
or no haemolytic or tox ic  properties but were capable of inducing spec if ic  
antibody and hence can be considered as toxoids. They are assumed to be 
aggregates of the active a3S, as Arbuthnott e_t (1967) disaggregated these 
two inactive  forms w ith 8 M urea to give a product which possessed s im ila r  
physical and b io log ica l properties to native 3S a - ly s in .
Further evidence of the a b i l i t y  of a-haemolysin to aggregate was 
provided by electron microscopic examination of negative ly-sta ined p u r i f ie d  
al2S component which showed a uniform appearance of 10.0 nm diameter r ings 
containing a hexagonal arrangement of s ix  subunits w ith a diameter of 2.0 to 
2.5 nm (Bernheimer & Schwartz, 1963). Freer, Arbuthnott & Bernheimer (1968) 
also observed r in g - l ik e  structures on the surface of a r t i f i c i a l  l ip id  
spherules and on human or ra b b it  erythrocyte ghosts a f te r  treatment w ith 3S 
a - ly s in .  Arbuthnott £ t  £]_. (1967) suggested tha t the formation of aggregates 
probably depends on several fac tors  including p u r i ty ,  concentration, pH, ion ic  
strength and temperature. Heat inactivated (60°, 1 min) a-haemolysin 
preparations have been subsequently reactivated by treatment w ith 8 M urea 
(Arbuthnott e;t , 1967).
The ch a ra c te r is t ic  b io lo g ic a l ly  active a3S form is  heterogeneous 
in molecular weight and e lec trophore tic  m o b il i ty .
The molecular weight o f th is  haemolysin is  controvers ia l (Table 1 ) 
Bernheimer (1968) proposed several forms with molecular weights ranging from 
21,200 to 50,000 probably due to d i f fe r in g  states of aggregation. Previously, 
Madoff (1965) and Coulter (1966) postulated tha t the ly s in  associates to give 
several polymeric forms in  equ il ib r ium . Hence i t  is  possible to understand 
the reported molecular weights by assuming tha t the lys in  ex is ts  both as a 
monomer of molecula'" weight 22,000 and a dimer of 44,000 and tha t estimates 
around 30,000 might represent mixtures of the two (McNiven, 1973).
Bernheimer & Schwartz (1963) demonstrated four d is t in c t  peaks 
(aa - a^) in sucrose density-grad ient e lectrophoretic  analysis of a-haemolysin. 
S im ilar reports of components having d i f fe re n t  e lec trophore tic  m o b il i t ie s  were 
also made by Madoff & Weinstein (1962) and Kitamura, Shelton & Thai (1964). 
Isoelectrofocusing has provided fu r th e r  confirmation of the m u lt ip le  forms of
Table 1. Molecular weights of Staphylococcal a-haemolysin
Method Molecular weight Reference
Sedimentation
equilib rium 44,000
Bernheimer & Schwartz, 
(1963)
Sedimentation
equilib rium 21,000
Coulter (1966)
Sedimentation
v e lo c ity 29,600
Coulter (1966)
Gel f i l t r a t i o n 41,000 Bernheimer & Grushoff 
(1967)
SDS gel e le c tro ­
phoresis 34,000
Bernheimer & Shapiro
Gel f i l t r a t i o n 33,000 Bernheimer & Lamb 
(1971)
SDS gel e le c tro ­
phoresis 36,000 McNiven (1973)
a-haemolysin; Wadstrom (1968) and Bernheimer (1970) separated several 
components with haemolytic a c t iv i t y  against ra b b it  erythrocytes (Table 2 ) but 
the reported is o e le c t r ic  points disagree. The most conclusive evidence of 
molecular heterogeneity was provided by McNiven (1973) who observed four 
a-haemolytic components in  p u r i f ie d  preparations (Table 2 ) .  The a-haemolytic 
properties of each component were confirmed by ne u tra l isa t io n  studies, 
haemolytic spectrum, disc gel electrophoresis and refocussing in the presence 
or absence of urea.
Haemolytic spectrum. The haemolytic properties of a-haemolysin are well 
defined despite the d i f f i c u l t y  of d ire c t  comparisons o f data from d i f fe re n t  
laboratories due to the d i f fe re n t  t i t r a t io n  techniques and to the d i f fe re n t  
s u s c e p t ib i l i ty  of erythrocytes from d i f fe re n t  ind iv idua ls  o f the same species - 
th is  la t t e r  may vary by up to f iv e fo ld  with the same batch o f haemolysin 
(Bernheimer & Schwartz, 1963; Bernheimer, 1965; Cooper ejt , 1966). I t  
is  generally agreed tha t ra b b it  erythrocytes are h igh ly susceptible while those 
from other species are less so. Human erythrocytes,which are susceptible to 
6-haemolysin,are p a r t ic u la r ly  re s is ta n t to a-haemolysin (Table 3 ).
The s u s c e p t ib i l i ty  of f is h  erythrocyte to a-haemolysin has not been 
system atically studied although i t  was reported tha t a-haemolysin was active 
against dogfish erythrocytes (Hunter, Bullock & Rawley, 1949). However, th is  
work is  in doubt since crude preparations of haemolysin, possibly contaminated 
with 6-haemolysin, were used. Birkbeck & Arbuthnott (unpublished, 1972) 
observed tha t cod erythrocytes were re s is ta n t to a-haemolysin.
Mode of ac t io n . The " s p l i t  t i t r a t i o n "  experiments o f Lominski & Arbuthnott 
(1963) showed tha t the ra te of haemolysis was d i re c t ly  proportional to the 
concentration of haemolysin at low concentration (2.5 MHD/ml to 160 MHD/ml).
Table 2. Is o e le c tr ic  points of g-haemolysin components
separated by iso e le c tr ic  focusing
Strain (and 
investiga to r)
Component Iso e le c tr ic  
po in t (p i)
Wood 46 a l l 7.1
(Wadstrom, 1968) a l 8.1
a l 8.3
a l 8.7
Wood 46 a l l l 4.5 -  5.5
(Bernheimer, 1970) a l l 6.5 - 7.5
ala 8.0 - 8.7
alb 9.1 - 9.2
Wood 46 aD 6.26 ± 0.11
(McNiven, 1973) aC 7.36 ± 0.03
aa 8.55 ± 0.12
ab 9.15 ± 0.07
V8 a l l l 5.0
(Wadstrom, 1963) a l l 7.0
al 8.6
Table 3. Relative s e n s it iv i ty  of erythrocytes from d if fe re n t
species to staphylococcal a-haemolysin*
Species Haemolytic a c t iv i t y  compared to tha t of ra b b it  (%)
Rabbi t 100
Wallaby 20
Hams te r 1 1 - 2 7
Dog 1 0 - 2 5
Rat 10
Mouse 9
Cat 9
Deer 5
Wood duck 4
Bear 1
Sheep 0.6 - 1.0
Human 0 - 0.8
Chi cken 0 - 0.5
Guinea pig 0 - 0.1
Horse 0 - 0.06
Monkey 0
* From Bernheimer (1968)
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K inetic  studies by Bernheimer (1970) on the e f fe c t  of constant amounts of 
a-haemolysin on varying concentrations of erythrocytes also favoured an 
enzymatic action by a-haemolysin.
According to fluorescence observations (K la iner ejb , 1964) and 
k in e t ic  studies (Marucci, 1963; Madoff, Cooper & Weinstein, 1964) of the 
haemolysis of ra b b it  erythrocytes three steps are involved in ly s is .  The 
f i r s t  two, re ve rs ib le , steps occurred in the p r e - ly t ic  phase; (1) rapid 
adsorption of a - ly s in  on to the erythrocyte surface; (2) reaction of a - lys in  
w ith the erythrocyte membrane re su lt ing  in loss o f se lec tive  permeability as 
indicated by leakage of potassium ions; (3) ly s is  of the damaged erythrocytes 
The addition of a n t i to x in  in the e a r ly ,  p re - ly t ic  phase prevented ly s is ,  and 
osmotic s ta b i l iz e rs  (sucrose and polyethylene g lyco l)  protected the 
irreversibly-damaged erythrocyte membrane from osmotic shock and thus 
prevented ly s is  (Cooper, Madoff & Weinstein, 1964).
Recently, Wiseman, Caird & Fackrell (1975) proposed that 
a-haemolysin was produced as a zymogen which could be converted to an active 
toxin by tryps in  or ac t iva ting  enzymes a t the erythrocyte surface. Protoxin 
activated by tryps in  coupled to carboxymethyl ce llu lose acquired p ro te o ly t ic  
a c t iv i t y  as indicated by hydrolysis of tosy l-a rg in ine  methyl es te r, and the 
N-terminal amino acid of active tox in .
Although the above work and previous k in e t ic  studies of a - ly s in  
suggested an enzymatic ac tion , the substrate in the erythrocyte membrane has 
not been id e n t i f ie d  and the nature of the complicated in te ra c t io n  between 
a - lys in  and ce ll  membrane is  not f u l l y  understood.
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Beta-haemolysin
Physical p rope rt ies . Beta-haemolysin was recognized as being se ro log ica lly  
d is t in c t  from a-haemolysin by Glenny & Stevens (1935). Like a-haemolysin, 
m u lt ip le  forms have been reported by various investigators  using d i f fe re n t  
s tra ins .
Thaysen (1958) described a fg ' ly s in  in  the cu ltu re  f i l t r a t e s  of
S. aureus iso la ted from furunculosis in dogs and showed th a t i t  d if fe red  from 
normal g - lys in  in antigenic properties and k ine tics  of haemolysis. More 
recen tly , Maheswaran, Smith & Lindorfer (1967) obtained a major "ca t io n ic "  and 
a minor "anionic" g - lys in  on both DEAE-cellulose and carboxymethylcellulose 
chromatography, confirming the previous reports of Hague & Baldwin (1963). 
Chesbro et ajy (1965), Doery £ t  aj_. (1965) and Wiseman & Caird (1967) also 
detected two antigenic components in  th e ir  p u r i f ie d  preparations o f g-haemolysin
II
Wadstrom (1968) p u r i f ie d  g-haemolysin from S. aureus s tra in  R-1 by 
isoelectrofocusing and chromatography with CM-Sephadex C-25 and Biogel-P-10 
and also reported a major ca tion ic  (p i 9.4 ± 0.1) and a minor anionic form 
(pi 3 ± 0.4) in isoelectrofocusing. However, in  the presence of 6 M urea
II
l i t t l e  o f the anionic component was found. Wadstrom suggested tha t the 
ca tion ic  g - lys in  might form aggregates spontaneously w ith ac id ic  components as 
previously reported fo r  another basic p ro te in , egg-white lysozyme.
An approximate molecular weight of 59,000 was calculated by sucrose- 
gradient cen tr ifuga tion  (Chesbro et  ^ a ^ . , 1965). Gow & Robinson (1969) showed 
that a- and g-haemolysins were eluted together on Sephadex G-10Û chromatography
II "ind ica ting  tha t they had s im ila r  molecular weights. Wadstrom & Mollby (1971), 
also using Sephadex G-lOO, found a molecular weight of only 38,000. Moreover, 
ne ither of the above molecular weight estimates agreed with the reported
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sedimentation c o e f f ic ie n t  o f 1.7 (Gow & Robinson, 1969). A summary of the 
reported physical properties of g-haemolysin is  presented in  Table 4.
Haemolytic a c t i v i t y . The cha ra c te r is t ic  "ho t-co ld" haemolytic reaction - 
the enhanced haemolytic a c t iv i t y  of th is  haemolysin i f  incubation at 37^ is  
followed by incubation a t 4° or room temperature - was f i r s t  described by 
Bigger, Bolland & O'Meara (1927). Th is"hot-co ld" reaction of g-haemolysin 
was also observed in  blood agar plates in which the zone o f darkened 
erythrocytes surrounding the g-toxigenic S. aureus colony progressed to 
haemolysis i f  the plates were subsequently cooled. The mechanism of "ho t-co ld" 
reaction is  not f u l l y  understood.
Wiseman (1965) demonstrated the high s u s c e p t ib i l i ty  of sheep, ox 
and human ce l ls  to g-haemolysin from the R-1 and 252F s tra ins  of S. aureus 
(Table 5 ) although Haque & Baldwin (1964) were unable to detect ly s is  of human 
and ra b b it  erythrocytes by g-haemolysin from th e ir  Paris s t ra in .  Haemolytic
I O pi pi
a c t iv i t y  is  greatly  enhanced by Mg , Mn and Co ions a t concentrations as 
low as 0.001 M and is  in h ib ite d  by EDTA and c i t ra te  (Jackson & Mayman, 1958; 
Wiseman, 1965).
Mode of ac t io n . Doery ejb (1963) in a study of 10 s tra ins  of S. aureus 
producing a- and g-haemolysins, found tha t a l l  hydrolysed sphingomyelin, a 
common constituent of ce l l  membranes, to y ie ld  N-acylsphingosine and 
phosphorylcholine. Wiseman & Caird (1966, 1967), Maheswaran & Lindorfer (1966, 
1967) and Wadstrom & Mollby (1972) confirmed the phospholipase a c t iv i t y  of 
g-haemolysin. Thus the high level of sphingomyelin in  the sheep and ox 
erythrocyte ce l l  membrane may well explain th e ir  high s u s c e p t ib i l i ty  to the 
action of g-haemolysin (Wiseman & Caird, 1967; Maheswaran & L indorfe r, 1967; 
Wadstrom & Mollby, 1972). The sphingomyelinase a c t iv i t y  of g-haemolysin has 
led to i t s  use as an agent fo r  the study of membrane s truc tu re  (Low, Freer & 
Arbuthnott, 1974).
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Table 4. Physical properties of staphylococcal g-haemolysin
Molecular weight Sedimentation
c o e ff ic ie n t
(SgOw)
Iso e le c tr ic
po in t
(Pl)
References
59,000 8.6 - 8.9 Chesbro e t an_. (1965)
(U ltracen tr ifuga tion )
10.1 Wadstrom (1968)
1.7 Gow & Robinson (1969)
9.5 Maheswaran &
L indorfer (1971)
38,000 9.4
II 1
Wadstrom & Mollby
(gel f i l t r a t i o n ) (1971)
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Table 5. S u s c e p t ib i l i ty  of erythrocytes from d i f fe re n t  animal
species to staphylococcal g-haemolysin*
Erythrocyte
species
Haemolytic a c t iv i t y  compared to tha t 
of sheep ( % )
Sheep 100
Ox ' 25
Man 12.5
Cat 3
Rabbit 3
Pig 1.5
Fowl 0.19
Rat 0.19
Mouse 0.19
Frog 0.19
Dog 0.19
Guinea Pig 0.19
Horse 0.19
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Delta-haemolysin
P u r if ica t io n  and physicochemical p rope rt ies . Williams & Harper (1947) 
demonstrated the existence of 6-haemolysin as a separate staphylococcal 
haemolysin characterised by a wide spectrum of haemolytic a c t iv i t y  and having 
a synerg is t ic  action w ith  g-haemolysin on sheep erythrocytes. These find ings 
were confirmed by Marks & Vaughan (1950) who p a r t ia l l y  p u r i f ie d  the haemolysin 
by extrac tion  of crude cu ltu re  supernatants with ethanol. The haemolysin 
was soluble in ethanol, inso lub le  in  acetone, non-d ia lysable, thermostable 
(100^/2 hours), inac tiva ted  by formaldehyde and absorbed by alumina below pH 8.
A c ry s ta l l in e  preparation of 6-haemolysin was obtained by Yoshida 
(1963) from S. aureus s tra in  Foggie by chromatography of concentrated, heated 
cu ltu re  supernatants on calcium phosphate gel and TEAE-cellulose. The 
haemolytic f ra c t io n  was lyoph il ised  and re c rys ta l l ise d  2 - 3  times by d isso lu t ion  
in Tris  bu ffe r and d ia ly s is  against water. U ltrace n tr ifuga t ion  showed the 
preparation to be h igh ly  homogeneous (sedimentation c o e f f ic ie n t  6 . IS) and from 
amino acid analysis a molecular weight of 68,230 was calcu la ted. Lysine, 
aspartic acid, phenylalanine and isoleucine were the amino acids present in 
greatest amount; cystine was absent and ty ros ine , p ro l in e ,  h is t id in e  and 
arginine were detected as minor components (Table 6 ) .  P u r if ie d  ô-haemolysiri 
was try p s in -s e n s it iv e ,  and, in contrast to crude haemolysin preparations, was 
•qu ite  heat sens it ive  and inso luble in chloroform/methanol (2 :1 ). However, 
fu r the r study by Gladstone & Yoshida (1967) showed th is  preparation to be 
contaminated w ith  ribonuclease.
Caird & Wiseman (1970) p u r i f ie d  the 6-haemolysin of s tra in  E-delta 
by is o e le c t r ic  p re c ip i ta t io n  (pH 4 .0 ) ,  ammonium sulphate p re c ip ita t io n  and 
DEAE-cellulose chromatography. Purif ied  haemolysin obtained in  16% y ie ld  with
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Table 6. Amino acid composition of staphylococcal 6-haemolysin
Amino acid Percent o f to ta l weight of amino acids
Yoshida
(1963)
Kreger et a l .
(1971F
Heatley* 
(1971)
Kantor, Temple & 
Shaw (1972)
Lysine 16.55 16.66 13.6 16.2
H is tid ine .0.41 - t r -
Arginine 0.94 - “ -
Aspartic acid 12.53 13.46 10.9 13.6
Threonine 6.98 8.02 7.5 9.4
Serine 5.12 2.46 3.2 4.3
Glutamic acid 7.99 4.90 5.2 4.6
Proline 0,45 - - -
Glycine 3.73 3.60 8.1 6.2
Alanine 4.06 3.09 5.9 4.8
Half cystine - 0.09 - -
Valine 4.55 6.64 5.5 6,7
Methionine 4.88 4.56 4.3 4.0
Isoleucine 9.71 18.17 10.5 17.1
Leucine 7.41 6.04 6.3 4.9
Tyrosine 1.68 - - -
Phenylalanine 10.4 7.93 7.6 5.5
Trytophan 2.61 3.30 4.0 2.5
Ammonia 1.63 1.08 7.4
^Percentages calculated from the data presented, assuming 4% tryptophan
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a 32-fo ld increase in sp e c if ic  a c t iv i t y ,  yielded a s ing le  p re c ip ita t io n  l in e  on 
immunodiffusion or immunoelectrophoresis against antiserum to 6-haemolysin 
(vide in f r a ) and the sole N-terminal amino acid was p ro line . A single protein 
band was noted on polyacrylamide gel electrophoresis (pH 9.5) but u l t r a ­
cen tr ifugation  revealed two components (2.8S and 9.8S).
A mutant of S. aureus s tra in  Wood 46, which was d e f ic ie n t  in 
a-haemolysin production (W46M), was used by Kreger £ t  (1971) who pu r if ie d  
6-haemolysin by adsorption to hydroxylapatite and e lu t ion  with phosphate 
buffers o f increasing m o la r ity . On d ia lys is  against water, both soluble and 
insoluble forms of 6-haemolysin were recovered. 'Soluble ' haemolysin was 
soluble in  water, various bu ffe r so lu t ions , chloroform-methanol (2:1) but 
insoluble in chloroform, methanol, acetone or ether. The haemolysin was shown 
to be molecularly heterogeneous by gel f i l t r a t i o n ,  sucrose density gradient 
cen tr i fug a tio n , ion exchange chromatography, polyacrylamide gel electrophoresis 
and is o e le c t r ic  focussing. Two bands were obtained on polyacrylamide gel 
electrophoresis a t pH 4.3 and at pH 9.5 and on is o e le c t r ic  focusing two 
protein peaks (p i 9.5 and 5.0) corresponding to the peaks o f haemolytic a c t iv i ty  
were found. Refocussing of the basic haemolysin y ie lded additional ac id ic  
haemolysin but th is  did not y ie ld  basic haemolysin on refocussing. Electron 
microscopy o f frac t ions  of p u r i f ie d  haemolysin showed tha t two forms were 
present, f i r s t  a f ib ro u s , high molecular weight, 11.9S f ra c t io n  of pi 5.0 and 
second a granular lower molecular weight f ra c t io n ,  4.9S of pi 9.5. The amino 
acid composition was s im ila r  to tha t reported by Yoshida (1963), although 
h is t id in e ,  arg in ine , p ro line  and tyrosine were not detected (Table 6 ).
The s o lu b i l i t y  of 6-haemolysin in  2:1 chloroform-methanol was 
exploited by Heatley (1971) who obtained pure preparations from s tra in  1B6X by 
ammonium sulphate p re c ip i ta t io n ,  chloroform-methanol ex trac tion  and cyc l ic
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transfe r between organic and aqueous phases of a two-phase system (chloroform- 
methanol -water) by adjustment of the pH. Purif ied  haemolysin was soluble in 
water, saline or chloroform-methanol (2 :1 ) ,  sparingly soluble in methanol and 
insoluble in chloroform, acetone or hexane. A s ing le , polydisperse peak 
(4.9S) was observed on u l t ra c e n tr i fu g a t io n ,while polyacrylamide gel e le c tro ­
phoreses a t pH 4.6 or pH 8.4 showed a main d if fuse  band w ith a fa in t  d if fuse  
secondary band. The amino acid composition was s im ila r  to tha t given by 
Kreger e;t (1971 ),
Using the S. aureus s tra in  W46M, Kantor £ t  £l_. (1972) achieved a 
20-fold p u r i f ic a t io n  of 6-haemolysin by adsorption to aluminium hydroxide gel 
and e lu t ion  w ith 0.5 M phosphate bu ffer pH 7.2. When examined by polyacrylamide
gel e lectrophoresis, is o e le c t r ic  focusing in the presence of 0.1% Tween 80 and 
gel f i l t r a t i o n  in 6 M guanidine hydrochloride, the preparation was homogeneous.
By gel f i l t r a t i o n  and sedimentation ve lo c ity  experiments in  the presence of 
increasing amounts of Tween 80, Kantor e t (1972) concluded tha t 6-haemolysin 
consisted of a basic subunit of molecular weight 21,000 dal tons composed of 
ind iv idua l polypeptide chains of molecular weight 5100-5200 dal tons. Pentameric 
and decameric association of the basic subunit was assumed to y ie ld  polymers 
of molecular weights consistent w ith those determined in the absence of Tween 80 
by sucrose gradient ce n tr i fug a t io n , ana ly tica l u l t ra c e n tr i fu g a t io n  and gel 
f i l t r a t i o n .  The amino acid analysis (Table 6) was consistent w ith a molecular 
weight of 5200 dal tons and t r y p t i t  d iges tion , y ielded 7 - 8  peptides, also in 
agreement w ith the determined seven lysine residues.
The model proposed by Kantor et (1972) provides a reasonable 
explanation fo r  the c o n f l ic t in g  published data on molecular weight, sedimentation 
c o e f f ic ie n t ,  is o e le c t r ic  point and heterogeneity of p u r i f ie d  6-haemolysin 
(Table 7).
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Table 7. Molecular weight estimates and sedimentation coe ff ic ien ts
of staphylococcal 6-haemolysin
Method ^20,w Molecular weight Reference
Sedimentation ve lo c ity 6.1 74,000 Yoshida (1963)
Amino acid analysis 68,230
Sedimentation
equilib rium 72,000 - 150,000
Sedimentation v e lo c ity 5.5 Kayser & Raynaud 
(1965)
Sedimentation ve lo c ity 1.4 12,000 Kayser & Raynaud 
(1965)
Gel f i l t r a t i o n >200,000 Hallander (1968)
Sedimentation ve lo c ity 2.8, 9.8 Caird & Wiseman 
(1970)
Sedimentation ve lo c ity 4 .9 , 11.9 
(1.9 in  
0.05M NaOH)
Kreger e t a l .  
(1971)
Sedimentation v e lo c ity 4.9 Heatley (1971)
Sedimentation v e lo c ity 6.04 Kantor et a l . 
(1972)
Sucrose gradient 
cen tr ifuga tion  (PBS)
6.19 191,000 61,850 (crude) 
102,500 (p u r i f ie d )
It
Sucrose gradient 
cen tr ifuga tion  
(0.1% Tween 80)
21,000 II
Sucrose gradient 
cen tr ifuga tion  
(1% Tween 80)
<10,000 II
SDS gel e le c tro ­
phoresis
<10,000 II
Gel f i l t r a t i o n  (PBS) 195,000 II
(6M guanidine HCl) 5,200
Amino acid analysis 5,100 II
;
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Amino acid analyses of 6-haemolysin consis tently  show lys in e , aspartic  acid 
and isoleucine present in high amount, w ith  h is t id in e ,  a rg in ine , p ro l in e ,  
cystine and tyrosine absent or present as traces. Caird & Wiseman (1970) 
however found the N-terminal amino acid of 6-haemolysin (s t ra in  E-delta) to  be 
pro line . That 6-haemolysin is  a single prote in containing l i t t l e  (< 1%) l i p id ,
phosphorus and carbohydrate (Yoshida, 1963; Kreger e_t , 1971; Heatley,
1971) and sensitive  to p ro te o ly t ic  enzymes ( t ry p s in ,  pepsin, pronase, chymo- 
tryps in ) is  generally agreed.
Haemolytic spectrum. Delta-haemolysin, in contrast to a -  and g-haemolysins, 
has a wide haemolytic spectrum, and Gladstone (1966) stated tha t a l l  
erythrocyte species tested were susceptible. Human erythrocytes have generally 
been found most sensitive  (Table 8 ). Synergistic action between g- and 
6-haemolysins has been shown with sheep erythrocytes (Williams & Harper, 1947; 
Marks & Vaughan, 1950; Kreger ^  , 1971) and human erythrocytes (Heatley,
1971). Kapral (1972) demonstrated synerg is tic  action between a -  and 6- 
haemolysins on ra b b it  e ry throcytes. Electron micrographs have also shown 
in te rac tion  of the two haemolysins to y ie ld  re c t i l in e a r  arrays on the 
erythrocyte membrane (Bernheimer et ^ . , 1972).
ly s is  of other c e l l s. Tissue cu ltu re  ce lls  (Gladstone & Yoshida, 1967;
„
Hallander & Bengtsson, 1967; Thelestam, Mollby & Wadstrom, 1973) leucocytes 
(Jackson & L i t t l e ,  1957; Gladstone & Yoshida, 1967; Hallander & Bengtsson, 
1967) and bacte r ia l protoplasts and spheroplasts (Bernheimer, Avigad & Grushoff, 
1968; Kayser, 1968; Kreger ejb , 1971) were lysed by 6-haemolysin.
C e llu la r organelles (lysosomes and mitochondria) (Bernheimer & Schwarz, 1964; 
Gladstone & Yoshida, 1967; Evans & Leek, 1969; Kantor e t ^ . , 1972; Kreger 
^  , 1971; Rahal, 1972) and l ip id  spherules (Freer ejt , 1968; Kreger
iL *  » 1971) were also disrupted by th is  haemolysin.
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Table 8. Relative s e n s i t iv i t y  to 6-haemolysin of erythrocytes
of d i f fe re n t  animal species
Species Haemolytic a c t iv i t y  compared to tha t of human {%)
Wiseman (1970) 
s tra in  Newman
Wiseman (1970) 
s tra in  E-delta
Kreger et a l .
(197TT - -  
s tra in  W46M
Kantor e t al 
(1972) 
s tra in  W46M
Human 100 100 100 100
Rabbit 25 25 200 50
Sheep 25 12.5 40 50
Horse 3 6
Guinea pig 6 12.5 50
Pig 40
Calf/Bovine 12.5 12.5 40
Goat 20
Cat 20
Chicken 20
Monkey 50
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T o x ic i ty . Marks & Vaughan (1950) in jected 6-haemolysin in traderm ally  in to  
man and observed s l ig h t  erythematous lesions which disappeared w ith in  48 hours. 
Larger amounts in jected in to  ra b b it  or guinea pig skin induced indurated 
lesions which in the guinea pig became necro tic . S im ila r f ind ings were 
reported by Kreger e t (1971); intradermal in je c t io n  o f 1 mg p u r i f ie d  
haemolysin resulted in large erythematous indurated lesions which became 
necrotic w ith in  three days. Incorporation of serum (Marks & Vaughan, 1950) 
or le c i th in  (Kreger e t , 1971) in to  the in je c t io n  mixture prevented 
dermonecrosis. The minimum le tha l doses of 6-haemolysin fo r  mice and guinea 
pigs were 110 mg/kg and 30 mg/kg respective ly  (Kreger ^  , 1971).
Mode of ac t io n . Wiseman & Caird (1968) suggested tha t 6-haemolysin 
possessed phospholipase-C a c t iv i t y  from the observation th a t ,  as with g-haemo- 
ly s in ,  water-soluble organic phosphorus was released from phospholipid extracts 
of various species o f mammalian erythrocytes by p u r i f ie d  6-haemolysin from two 
staphylococcal s tra ins . The amount of organic phosphorus released was in 
d ire c t  proportion to haemolytic s e n s i t iv i t y .  Water-soluble phosphorus was 
also released from phosphatidy linosit o i , a constituent of the erythrocyte 
membranes (N ev il le ,  1967; Wiseman & Caird, 1968) which suggested tha t 
phosphatidyl in o s i to l  was the substrate in  the erythrocyte.
On the contrary, Kreger ^  (1971), Heatley (1971) and Rahal
(1972) fa i le d  to detect phospholipase-C a c t iv i t y  in  th e i r  p u r i f ie d  haemolysin 
preparations. Furthermore, incubation of constant amounts of 6-haemolysin 
with varying concentrations of erythrocytes did not show a typ ica l enzymic 
response but was s im ila r  to the action of detergents (Bernheimer, 1970). The 
6-haemolysin preparations of Kreger et al_. (1971) and Heatley (1971) were both 
surface-active and had e ffec ts  on mitochondria s im ila r  to tha t of the 
detergents T r iton  XlOO and sodium deoxycholate (Rahal, 1972). The l ib e ra t io n
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of H-nucleostdes from tissue cu ltu re  c e l ls  by 6-haemolysin was independent 
of temperature over the range 4° to 37° and also resembled the action of 
T r iton  X-100 (Thelestam ejt , 1974). This again suggested tha t 6-haemolysin 
is a surface-active polypeptide with a wide spectrum o f a c t iv i t ie s .
Immunogenicity. Several workers have attempted to ra ise  antiserum to 
6-haemolysin and almost a l l  have concluded tha t i t  is  non-antigenic. However, 
as almost a l l  normal sera have been shown to produce a p re c ip i t in  l in e  on gel 
d if fu s io n  against 6-haemolysin and to neutra lise haemolytic a c t iv i t y  (vide 
in f r a ) , resu lts  are d i f f i c u l t  to in te rp re t .  Gladstone & Yoshida (1967) and 
Kantor e;t (1972) were unable to demonstrate an immune response to 
6-haemolysin. On the other hand McLeod (1963), Kayser & Raynaud (1965) and 
Caird & Wiseman (1970) reported the production o f sp e c if ic  antibodies to 
6-haemolysin although no evidence was presented to show th a t the non-specific  
in h ib i to rs  of 6-haemolysin had been removed.
More recently  Fackrell & Wiseman (1974) obtained y -g lobu lin  
frac t ions  of serum from rabbits  immunised in tens ive ly  w ith 16 in jec t io ns  of 
6-haemolysin. Such fra c t ions  y ielded spe c if ic  qu a n t ita t ive  p re c ip i t in  curves 
w ith  6-haemolysin and a sing le p re c ip i t in  l ine  on d i f fu s io n  against p u r i f ie d  
6-haemolysin which in  blood agar coincided with the edge of the ly s is  zone. 
Immunogeni c i t y  or 6-haemolysin prepared by Kreger ^  £l_. (1971) was also 
demonstrated by Fackrell & Wiseman (1974) who also found Kreger's haemolysin to 
be contaminated w ith a- and y-haemolysins.
Neutra lisation o f 6-haemolysin by normal sera and by phospholipids. Marks & 
Vaughan (1950) found tha t 6-haemolysin was neutra lised by normal human, sheep, 
bovine, ra b b it  and guinea-pig serum. Also, normal sera y ielded a p re c ip i t in  
l in e  with 6-haemolysin (Gladstone & Yoshida, 1967) which, when serum was 
subjected to immunoelectrophoresis, occurred in the a -g lobu lin  region (Kantor
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i l * » 1972). F ractionation of serum to id e n t i fy  the in h ib i to ry  components 
showed tha t crude g lobu lin  fra c t io n s  of human serum were in h ib i to ry  (Jackson 
& L i t t l e ,  1958) and a l l  Cohn fra c t ions  of serum were in h ib i to r y ,  p a r t ic u la r ly  
frac t ions  I ,  I I I  and IV (f ib r inogen , g- and a-g lobulins respective ly) 
(Gladstone & Yoshida, 1967). The in h ib i to ry  components have not been 
id e n t i f ie d  although Donahue (1969), who found a re la t iv e ly  constant in h ib i to ry  
t i t r e  in normal human sera suggested tha t the in h ib i to rs  are l ipopro te ins  
which have been shown to neutra lise  s tre p to lys in  S (Stollerman ejt , 1950).
In addition to  ne u tra l isa t ion  by normal serum, 6-haemolysin is  
neutralised by many phospholipids, although c o n f l ic t in g  reports are found in 
the l i te ra tu re .  Whereas Gladstone & van Heyningen (1957) and Caird &
Wiseman (1970) found cholesterol to be in h ib i to ry ,  the opposite was reported 
by Gladstone & Yoshida (1967), Kreger et (1971) and Kapral (1972). 
S im ila r ly  le c i th in  was reported as in h ib i to ry  by Gladstone & Yoshida (1967) 
but not by Kreger ejb (1971) or by Kapral (1972). The in h ib i to ry  a c t iv i t y  
of several phospholipids is  summarised in Table 9. Kapral (1972) 
concluded tha t the minimum in h ib i to ry  u n it  was phosphatidic acid and that 
components attached to th is  u n i t  did not in te r fe re  with n e u tra l isa t io n . He 
also stated tha t the phospholipid content of serum could re ad ily  account fo r  
the neu tra l isa t ion  of 6-haemolysin by serum as discussed above.
Assay of 6-haemolysin
Investiga tions o f some o f the above topics have been l im ited  by 
the available assay techniques since 6-haemolysin has a much lower spec if ic  
haemolytic a c t iv i t y  than a- or g-haemolysins. Using horse or human 
erythrocytes as ind ica to rs  o f haemolysis, t i t r e s  o f up to 300 HU/mg pu r if ied  
haemolysin have been reported (Kreger ejt , 1971; Heatley, 1971). Lysis
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Table 9 In h ib itio n  of 6-haemolysi.n by phospholipids
In h ib ito ry  phospholipids 
Cholesterol
Phosphatidyl choline ( le c i th in )
Phosphatidic acid (natura l)
Phosphatidyl serine
Phosphatidyl in o s ito l
Card io lip in
Sphingomyelin
Phosphatidylethanolamine
Reference
Gladstone & van Heyningen (1957); 
Caird & Wiseman (1970)
Kreger et a l .  (1972); Kapral (1972)
Kreger e t a l . (1971 )
Non-inhib itory  agents
Cholesterol
Phosphatidyl choline 
M yr is t ic  acid 
Palm itic acid 
Palm ito le ic  acid 
Stearic acid 
Dipalm itin 
T r ipa lm it in  
Choline
Phosphocholine
Glycerol
Glycerol phosphate
Phosphatidyl choline (synthetic)
Phosphatidyl choline (egg, 
c a ta ly t ic a l ly  reduced)
Phosphatidyl ethanol amine (synthetic)
C ard io lip in  (syn thetic)
Albumin (human sera)
Gladstone & Yoshida (1967);
Kreger ^  (1971); Kapral (1972)
Kapral (1972)
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of protoplasts (Bernheimer ^  » 1972) is  more sens it ive  (610 units/mg)
but inconvenient when screening large numbers of f ra c t io n s .  The a b i l i t y  of 
6-haemolysin to lyse mammalian ce l ls  was explo ited by Thelestam et_ (1973). 
HeLa ce lls  or human d ip lo id  embryonic lung f ib ro b la s ts  (HEL) were labelled
3
with H-uridine and treated w ith  p u r i f ie d  a -, 3-, y -  and 6-haemolysins.
Purif ied  a - ,  g- and y-haemolysins had no e f fe c t  on HEL c e l ls  but 6-haemolysin 
(1 HU/ml, human erythrocytes) libera ted  93% of releaseable soluble radioactive 
substances from the c e l ls .  Release of label was not temperature-dependent 
over the range 4° to 37° but was abolished by serum. This technique was 
3 - 4  times more sens it ive  than haemolytic assays with human erythrocytes and 
had the fu r th e r  advantage tha t p u r i f ie d  a- and g-haemolysins did not a ffec t 
the assay.
The haemolytic assay is  however more convenient and Birkbeck & 
Arbuthnott (1972) (unpublished observations) showed tha t cod erythrocytes were 
more sensitive  to 6-haemolysin than human or ra b b it  e ry th rocytes. Concentrated 
cultu re supernatants from broth cultures o f S. aureus s tra in  Wood 46 (McNiven, 
Owen & Arbuthnott, 1972) showed no loss in t i t r e  against cod erythrocytes 
a f te r  heating at 100° fo r  10 minutes whereas the t i t r e  against ra b b it  
erythrocytes was reduced from 10,000 HU/ml to 80 HU/ml by th is  treatment 
(Table 10 ). P u r if ied  a- and g-haemolysins were inac tive  against cod 
erythrocytes a t the highest concentrations tested, whereas p u r if ie d  6-haemolysin 
was four times as active against cod erythrocytes as against ra b b it .  No 
synerg is tic  action was detected in mixtures of p u r i f ie d  6- and g-haemolysins 
and the haemolytic a c t iv i t y  against cod or mackerel erythrocytes was 
temperature-independent over the range 0 to 37°, Serum, however, abolished 
the haemolytic a c t iv i t y  of p u r i f ie d  6-haemolysin.
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Table 10. S e n s it iv i ty  of cod erythrocytes to staphylococcal
haemolysins
a f te r  Birkbeck & Arbuthnott (1972, unpublished observations)
Haemolysin preparation
T i t re  (HU^^/ml) on assay with 
erythrocytes of 
ra b b it  cod sheep
Crude f i l t r a t e  (Wood 46) 10,000 320
Heated crude f i l t r a t e 80 320
P urif ied  a-haemolysin^' 3,200 < 10
2
Purif ied  g-haemolysin ' <200 12,800
3
Purif ied  6-haemolysin * 320 1,280
1. Prepared by Dr. J.P. Arbuthnott
2. Prepared by Dr. T. Wadstrom
3. Prepared by Dr. A. Kreger.
Birkbeck & Arbuthnott concluded tha t because of the greater 
s e n s i t iv i ty  of f i s b  erythrocytes to 6-haemolysin and the lack of interference 
by a- and g-haemolysins, f is h  erythrocytes would provide an improved assay 
system fo r  6-haemolysin.
The aim of th is  thesis is  to explore the u t i l i t y  of f is h  
erythrocytes fo r  the assay of 6-haemolysin and in th is  context the properties 
of f is h  erythrocytes and su itab le  methods fo r  co l lec t io n  and long term storage
of erythrocytes w i l l  be reviewed.
Nature o f f is h  erythrocytes and serum
The blood of f is h  l ik e  tha t of the other vertebrates consists of 
a suspension of erythrocytes and leucocytes in a so lu tion of proteins and 
e lec tro ly tes  which constitu tes  the plasma.. There are several reviews on the 
nature of f is h  blood (Holmes & Donaldson, 1969; Satchel 1, 1971; Love, 1970)
although few authors have considered the species of f is h  used in  th is  thesis.
The to ta l  blood volume o f many f is h  species has been measured by 
d i lu t io n  techniques in  which a f ixed  quantity  of tracer (Evans blue dye,
1 o 1 c "1
f luo resce in - labe lled  or I - la b e l le d  serum proteins or C r-labelled 
erythrocytes) was in jec ted  in to  f is h  and, a f te r  a period of e q u i l ib ra t io n ,  the 
concentration of tracer in  the blood was measured to determine the to ta l blood 
volume (Holmes & Donaldson, 1969). Ronald e t al_. (1964) showed by in je c t io n  
of f luo rescen t- labe lled  serum proteins in to  the A t la n t ic  cod (Gadus morhua) 
tha t the to ta l  blood volume was d i re c t ly  proportional to the body weight 
(24 m l/kg). For te leos te i the to ta l  blood volumes are generally w ith in  the 
range 2.2 - 3.1 ml/kg body weight, whereas blood volumes of the more p r im it ive  
chondrostei are higher (3.0 - 8.0 ml/kg) but w ith a corresponding reduction 
in erythrocyte concentration in  the blood to 16.8 - 30%, compared to 28 - 39% 
fo r  te leoste i (Holmes & Donaldson, 1969).
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The erythrocytes. Klontz e t (1971) stated tha t the f is h  erythrocyte 
was derived from the smaller haemocytoblast and, as in a l l  vertebrates other 
than mammals, had a central nucleus.
The erythrocytes have been found to vary in shape and size from 
one species to another. Hartman & Lessler (1964) found tha t the erythrocytes 
of Dasyatis centrura (Northern stingray) were oval (19.7 - 0,38 ym x 
13.8 ± 0.24 ym) whereas the erythrocytes of Lepomis macrochirus (B lu e g i l l )  
were reported to be smaller and c i rc u la r  (10.9 ym diameter) (Smith, Lewis & 
Kaplan, 1952).
The erythrocyte count in te leos te i has been found to be 
approximately 0.2 - 3.1 x 10^ cells/mm^, although two extreme examples of 
erythrocyte count have been reported. Saunders (1966) reported tha t 
Acanthurus bahianus had a count of 6.48 x 10^ cells/mm^ which exceeded the 
normal range fo r  human blood (4.6 - 6.2 x 10^ cells/mm^). In con tras t, the 
blood of Chaenocephalus aceratus (ice f i s h ) ,  showed no absorption band fo r  
haemoglobin and was presumed to t o t a l l y  lack erythrocytes (Ruud, 1954).
As in mammalian e ry th rocy tes , d i f fe re n t  blood group antigens have
been demonstrated on f is h  erythrocytes of several species and th is  top ic  has
been reviewed by de Ligny (1969). However, to  the author's knowledge no 
published data ex is ts  on the chemical nature of the f is h  erythrocyte plasma 
membrane, in contrast to the extensive studies on mammalian erythrocytes (Zwaal, 
Roelofsen & Colley, 1973).
Biochemical properties of f is h  serum
E le c tro ly te s . Most f ish e s , because of th e ir  l im ited  s a l in i ty - to le ra n c e ,
are re s tr ic te d  to e ithe r s a l t  or fresh water and are able to maintain d is t in c t
concentration d ifferences of one or more of th e ir  main inorganic constituents
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(Na*\ Cl , K^, Ca*^, and SO^  between th e i r  body f l u id  and the
external medium. Sodium and chloride are known to be most important inorganic 
constituents of the body f l u id .  Smith (1929, 1931b) demonstrated tha t in  the 
marine te leosts  which have a lower s a l t  content in the blood and body tissues 
than the surrounding sea, water losses due to outward d if fu s io n  under the 
action of the osmotic gradient were made good by dr ink ing sea-water.
Monovalent ions and water are absorbed from the in te s t in e ,  but s a l t  balance is  
maintained by the secretion of the absorbed ions against a concentration 
gradient through the g i l l  membranes. The urine is  very concentrated and 
produced in small amount. On the other hand, freshwater f is h  maintain a 
large osmotic gradient by the production o f a d i lu te  urine (Smith, 1931a).
The osm ola lity  of f is h  serum has been determined by freezing po in t 
depression (Green & Hoffman, 1953) but i t  is  c lear tha t serum osmolality may 
vary according to  the environmental s a l in i t y  and temperature. The freezing 
po int of Gadus ogac (Greenland cod) plasma was -1.47° in w in te r ,  but in the 
summer rose to -0 .8° . At the onset of w in te r, when the plasma freezing point 
dropped, there was l i t t l e  change in the concentration of ch lo r ide , and 
Scholander et a1_. (1957) suggested tha t non-protein nitrogen might help to 
prevent freezing in ice -co ld  sea water.
Woodhead & Woodhead (1959, 1964, 1965) have studied the response of 
Gadus morhua to low temperatures and showed tha t the plasma sodium, potassium 
and chloride may increase by up to 25% during w in te r. Fish serum osmolality 
varies widely in d i f fe re n t  species (Green & Hoffman, 1953) and even fo r  one 
species may vary w ith in  wide l im i ts .
A more extensive study of the response of Gadus morhua to low
temperature was performed by Harden-Oones & Scholes (1974). In over 200 f is h
maintained at various temperatures (16° to -1 .5°) fo r  up to 40 days, the plasma
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osmolality and chloride ion concentrations were increased by low temperatures. 
Also i t  was found tha t the plasma osmolality was influenced by the method of
k i l l i n g  the f is h  p r io r  to withdrawal of blood.
Preservation of f is h  erythrocytes
Isotonic solutions fo r  f is h  erythrocytes. Many balanced s a l t  solutions . 
(BSS) which provide su itab le  conditions of pH and osm ola lity  fo r  maintenance 
of ce l ls  from warm-blooded animals have been described (Tyrode, 1910; Gey, 
1936, 1945; Simms, 1941; Earle, 1943; Hanks, 1946; Dulbecco, 1954). For 
f is h  ce l ls  a number of balanced s a l t  solutions have been formulated and some 
are compared to Dulbecco's BSS in Table 11. Sodium and chloride ions are 
the most important inorganic constituents of the body f lu id  and some
'phys io log ica l ' so lu tions fo r  f is h  tissues have contained only NaCl (Mackie
, 1975).
Since the osm ola lity  o f f is h  plasma has been found to vary widely 
in d i f fe re n t  species (Green & Hoffman, 1953) su itab le  s a l t  solutions fo r  
maintenance of erythrocytes w i l l  vary accordingly.
The osm ola lity  of body f lu id s  ib commonly determined by 
freez ing -po in t depression and th is  technique has been applied to f is h  blood by 
Botazzi (1897), Garrey (1905) and Krogh (1939). In these studies only a few 
f is h  species were used in  comparisons with other aquatic animals.
Other techniques fo r  preparation of iso ton ic  solutions fo r  f is h  
erythrocytes have been used to measure the erythrocyte volumes both in NaCl 
so lu tion and in  serum (haematocrit, haemoglobin concentration and densitometric 
methods). The concentration of NaCl in which the c e l ls  maintained the same 
volume as in  serum was taken as iso ton ic  (Green & Hoffman, 1953). However, i t  
was found tha t the iso ton ic  concentration of NaCl determined by depression of
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T a b le ' l l *  C onstitu tion of various physiological s a l t  so lutions
fo r  tissues from d i f fe re n t  sources
(Grams per l i t r e )
Consti tuent 
(g / l i t r e )
Dulbecco 
(1954) 
Dulbecco & 
Vogt (1954)
H o lfre te r
(1931)
Cortland Holmes & 
S to t t  
(1960)
Keynes & 
M-Ferreira 
(1953)
(Mammals) (Amphibia 
and f is h )
(Brown
tro u t)
(Cutthroat
t ro u t)
(E le c tr ic
eel)
NaCl 8.00 3.50 7.25 7.41 9.88
KOI 0.20 0.05 0.38 0.37 0.37
CaCl2.2H20 0.13 0.10 0.23 0.44
MgCl2.6H20 0.10 0.30
MgS0..7H20 0.23 0.31
NaH2P0^.H20 0.41 0.40 0.04
Na2HP0^.2H20 1.15 0.20 0.21
0.20 0.17
NaHCO, 0.20 1.00 0.31
Glucose 1.00
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the freezing po in t was higher than that obtained by the haematocrit or 
haemoglobin concentration methods fo r  some marine te leosts  and elasmobranchs.
I t  was not established which method gave the correct re su lts  but i t  was 
suggested tha t water exchange and urea d if fu s io n  from the ce l ls  occurred 
during the re la t iv e ly  long period required fo r  haematocrit and haemoglobin 
measurements thereby g iv ing lower values.
Protection of erythrocytes during fre e z in g . Human erythrocytes fo r  blood 
transfusion are ro u t in e ly  stored in  l iq u id  nitrogen.
G lycerol, used to protect human erythrocytes from freezing damage 
(Gibbs ejt , 1962; Huntsman £ t  aj_., 1962), was reported to protect
erythrocytes from the shiner, seaperch, albacore, goosefish and three species 
of salmon by Cushing et £]_. (1957). Hodgins & Ridgway (1964) successfully 
stored erythrocytes from salmon and t ro u t  in l iq u id  nitrogen or at -70° in 
g lycerol but found tha t removal of g lycerol was d i f f i c u l t  w ithout causing 
extensive haemolysis.
Using glucose as a pro tect ive  ad d it ive , as much as 89% of salmonid 
erythrocytes were recovered from l iq u id  n itrogen, but the h a l f - l i f e  of washed 
ce lls  was less than 1 - 2 hours (Hodgins & Ridgway, 1964).
Polyv iny lpyrro lidone successfully protected the erythrocytes from 
immature red salmon, but not. adult red salmon or chinook salmon against ly s is .
Dimethyl sulphoxide has been used by Lovelock & Bishop (1959) to 
protect human and bovine erythrocytes and bu ll sperm from freezing damage and 
by Ashwood-Smith (1961), Dougherty (1962), P o rte r f ie ld  & Ashwood-Smith (1962), 
Perry (1963), Greaves, Nagington & Kell away (1963) and Huggins (1963) to freeze 
and recover mammalian bone marrow, tissue and peripheral blood c e l ls .  Using 
dimethyl sulphoxide, Hodgins & Ridgway (1964) recovered 70% of erythrocytes
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from salmon and t ro u t  a f te r  freezing and thawing w ith the advantage that 
dimethyl sulphoxide was re ad ily  washed from ce lls  w ithout causing appreciable 
haemolysis or detectable antigenic changes in  washed c e l ls .  Preservation in  
l iq u id  nitrogen also gave be tter recovery and s t a b i l i t y  of erythrocytes than 
freezing at -20° or -70°.
Object o f Research
The above work demonstrates tha t long-term storage of f ish  
erythrocytes by freezing in  l iq u id  nitrogen should be feas ib le . In th is  
thesis the objectives were f i r s t l y  to determine su itab le  conditions fo r  
storage of blood so tha t s u f f ic ie n t  quantit ies  o f blood were available in the 
laboratory fo r  routine use in t i t r a t io n s .  Secondly, conditions should be 
found which permit recovery of blood which is  stable fo r  a period of one day 
to allow several comparative haemolysin t i t r a t io n s  to be carried out using one 
batch o f washed c e l ls .  T h ird ly ,  the optimum conditions fo r  assay of delta 
haemolysin (time, temperature, ion requirements, e tc . )  need to be established 
to determine whether the assay s e n s i t iv i t y  may be improved. F in a l ly  the 
possible use of cod erythrocytes in  blood agar plates is  to be investigated 
as a po ten tia l means of screening staphylococci fo r  the production of delta 
haemolysin.
MATERIAL AND METHODS
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A. Bacterial cultures
1. Strains o f S. aureus
The s tra ins  of S. aureus used in  th is  inves tiga tion  were obtained 
through the courtesy of Dr. O.P. Arbuthnott, Department of Bacteriology,
Royal In f irm ary , Glasgow, and of Miss S. McKay, Department of Microbiology, 
University of Glasgow (s tra ins  SM 6 - 15). Isolates were received freeze- 
dried in ampoules or on nu tr ie n t  agar slopes. These s tra ins  and th e ir  
more important known cha rac te r is t ics  were as shown below:
Strain Characteri s t ies
JK 128 j These four s tra ins  were obtained by Dr. O.P. Arbuthnott
JK 132 ] during a biochemical survey of approximately 150
JK 138 j c l in ic a l  iso la tes of S. aureus. A l l  produce
OK 139 J 6-haemolysin and small amounts of a-haemolysin.
NCTC 10345 A mutant of the Wood 46 s tra in  o f S. aureus which 
produces mainly ô-haemolysin.
NCTC 7121 Produces a-haemolysin in high t i t r e  and also
(Wood 46) 6-haemolysin.
SM 6 Coagulase negative (S. epiderm idis) ; non-toxinogenic
c l in ic a l  is o la te .
SM 9 Weakly a- and 6-toxinogenic c l in ic a l  iso la te ,
SM 10 An a-toxinogenic c l in ic a l  iso la te .
SM 14 C lin ica l iso la te  producing a- and g-haemolysins and
small amount of 6-haemolysin.
SM 15 A 3-toxinogenic bovine m astit is  iso la te  (s tra in  BB).
JK 21 A c l in ic a l  iso la te  producing epidermolysin.
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2. Maintenance of cultures and checks fo r  p u r i ty
On re ce ip t,  a l l  cu ltures were plated on to tryptone soya agar (Oxoid) 
and iso lated colonies subcultured twice on the same medium, with routine gram 
sta in ing to confirm cu ltu re  p u r i ty .  Selected colonies were subcultured onto 
10% washed horse blood agar to examine the haemolysis zones surrounding the 
colonies.
Cultures were maintained by ly o p h i l iz a t io n  or by passage on fre sh ly  
prepared n u tr ie n t agar slopes. The la t te r  method was employed w ith those 
s tra ins which were used regu la r ly .
A l l  s t ra in s ,  whether lyoph il ized or maintained on agar slopes stored 
at 4°, were plated on to tryptone soya agar to check fo r  contaminants and fo r  
un ifo rm ity  o f colonial morphology before experimental use.
B. Production and p u r i f ic a t io n  of staphylococcal 5-haemolysin
1. Production of crude cu ltu re  supernatants
The contents of a freeze-dried ampoule of S. aureus (s tra in  NCTC 
10345) were dissolved in s te r i le  0.85% saline and inoculated on to a 10% 
horse blood agar p la te . A fte r 24 hr incubation a t 37°, organisms from 
isolated colonies which showed large haemolytic zones were inoculated onto 4 
agar slopes and incubated 24 hr at 37°. The confluent growth on each slope 
was resuspended in 2 ml Dulbecco ‘ A* sa line . Seven 2 l i t r e  flanged
Erlenmeyer f lasks containing 750 ml Bernheimer d if fu sa te  medium (Appendix 1)
■ 1 cm 
660nmwere inoculated w ith 1 ml of suspension (El^nnm “  0.49) and incubated fo r
20 hr at 37° on a ro ta ry  shaker operating at 135 r.p.m. 1 ml of octan-2-ol 
was added to reduce foaming. The cultures were pooled and centrifuged at
17,000 X g fo r  10 min at 4° to remove the cocci. The crude culture 
supernatant (approx. 5 l i t r e s )  was used fo r  preparation of p u r if ie d  6-haemolysin
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2. P u rifica tion  of 6-haemolysin
A ll  procedures were done at 4°. Crude cu ltu re  supernatant was 
s t i r re d  fo r  3 hr w ith hydroxyl apatite  (Appendix I I I )  (20 g/1) and allowed to 
stand overnight. The supernatant f l u id  was discarded by décantation and 
the hydroxylapatite washed 5 times with 2 1 phosphate bu ffe r (pH 6.8, 0.01 M) 
to remove cu ltu re  supernatant. The hydroxylapatite was s t i r re d  with 500 ml
phosphate bu ffe r (pH 6 .8 , 0.4 M) fo r  30 min, centrifuged (300 g , 10 min) and 
the supernatant discarded. A fte r s ix  such washes the hydroxylapatite was 
s t i r re d  fo r  30 min w ith 400 ml phosphate buffer (pH 7.4, 1 M), centrifuged 
(300 g, 10 min), washed a fu r th e r  f iv e  times and the supernatants of the 1 M 
phosphate bu ffe r washes (containing the eluted 6-haemolysin) were bulked and 
centrifuged (12,000 g , 10 min, 4°) to remove traces of hydroxylapatite . In 
an i n i t i a l  experiment, 6-haemolysin was recovered from the d i lu te  so lu tion as 
described by Kreger ^  (1971) by exhaustive d ia ly s is  against water,
cen tr ifuga tion  (1,000 g, 20 min) to remove 'inso lub le  6 - ly s in '  and 
ly o p h i l is a t io n .  In la te r  experiments, the d i lu te  6-haemolysin so lu tion was 
dialysed against Dulbecco 'A' PBS and concentrated to approximately 5% 
of i t s  o r ig ina l volume by u l t r a f i l t r a t i o n  ;Amicon u l t r a f i l t r a t i o n  ce l l  w ith 
PMIO membrane, 20 p . s . i .  pressure). The concentrate was c la r i f ie d  by 
cen tr ifuga tion  (50,000 g, 30 min) and stored at -70° in  2 ml or 5 ml 
quantit ies  in  screw cap b o tt le s .
D ia lys is  against phosphate buffered saline and concentration by 
u l t r a f i l t r a t i o n  gave a higher y ie ld  of soluble 6-haemolysin with l i t t l e  
' in so lu b le ' 6-haemolysin which was discarded. Concentrated, p u r i f ie d  
6-haemolysin solutions used in the experiments described in th is  thesis had 
haemolytic a c t iv i t ie s  of 750 and 150 HU/mg protein against 0.8% cod and 
human erythrocytes respective ly .
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C. Physico-chemical properties of pu rified  6-haemolysin
1. Protein estimation
The method of Lowry ^ £ 1 , .  (1951) was used w ith  c ry s ta l l in e  bovine 
serum albumin as a standard,
2. Spectral analysis
The u l t r a v io le t  absorption spectrum was determined with a Pye Uni cam 
SP800 spectrophotometer in 1 cm path length s i l i c a  c e l ls .
3. Polyacrylamide disc gel electrophoresis
a) Acid ge ls . This was performed at pH 4.3 in  7.5% polyacrylamide gels 
as described by Reisfeld £ t  £]_. (1962). Electrophoresis was done a t 6 ma 
per gel u n t i l  the tracking dye (Pyronin Y, Difco) reached the f in a l  few 
m il l im e tres , a t which time the current was increased to  8 ma per gel.
Migration was towards the cathode.
The gels were f ixed  and stained in 1% (w/v) amido-black in 7% acetic  
acid fo r  1 hr and then e le c tro p h o re t ica l ly  destained.
b) A lka line  ge ls . The 7% gel electrophoresis technique (separation a t 
pH 9.5) described by Davis (1964) was used. Electrophoresis was performed 
at 2 ma per ge l,  w ith migration towards the anode. The f ix a t io n  and 
sta in ing were done overnight in 1% (w/v) amido-black in 10% acetic  acid and 
50% methanol. Gels were rehydrated in 7% acetic acid and destained e le c tro ­
phoreti cal ly .
Densitometer traces o f gels were made with a Joyce Loebl U.V. Polyfrac 
Scanner (Joyce Loebl & Co., Durham) and were recorded on a Kipp & Zonen chart 
recorder (Bryans Southern Instruments, Mitcham, Surrey) set at 5.0 V f u l l  
scale de flec t ion .
39
4. Isoe lectr ic focusing
a) Equipment. A horizontal trough isoe lec tr ic focus ing  apparatus
designed by Talbot and Caie (1975) was used with an LKB 3371 DC power supply.
b) Procedure. A l l  procedures were carried out in  a 4° cold room and
the to ta l  power was re s tr ic te d  to a maximum of 0.25 watts. The apparatus was
allowed to e q u il ib ra te  at 4°, 30 ml of 1% ampholines (pH 3.5 - 10; LKB 
Instruments, London) was added and a pH gradient established by is o e le c t r ic  
focussing fo r  24 hr at a po ten tia l of 600 v o lts .  The sample (up to 1 ml 
dialysed against 1% glycine) was introduced in to  the three centre troughs and 
focussing was continued at a po ten tia l of 800 V fo r  20 hr and f i n a l l y  at
1,000 V fo r  a fu r th e r 24 hr. A fte r focussing, f ra c t io n s ,  including any 
prec ip ita ted m a te r ia l,  were removed by Pasteur p ipe tte  and retained fo r  
analysis.
c) Analysis o f f ra c t io n s . The pH of each f ra c t io n  was measured with a 
Pye Model 46A V ibre t Lab pH Meter w ith the samples maintained at 4° in a 
cooled water bath.
The op tica l density of each f ra c t io n  was measured at 280 nm using a 
Pye Unicam Model SP 500 spectrophotometer with s i l i c a  m icro -ce lls  of 1 cm 
l ig h t  path. To detect the presence of haemolysins a pre lim inary te s t  was 
done by adding 0.5 ml of a 10-fold d i lu t io n  of each fra c t io n  to 0.5 ml 1% 
washed red blood ce lls  (cod, ra b b it ,  human or sheep e ry th ro cy tes ).
Doubling d i lu t io n  t i t r a t io n s  were performed on those frac t ions  which
showed haemolytic a c t iv i t y  in  prelim inary tes ts . In t i t r a t io n s  with sheep
+2erythrocytes, 0.001 M Mg was added to detect g-haemolysin.
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D. Assay of 6-haemolysin
1. Doubling d i lu t io n  t i t r a t io n
The haemolytic t i t r e  o f 6-haemolysin preparations was determined by 
making se r ia l doubling d i lu t io n s  in 0.5 ml volumes o f Dulbecco 'A ‘ PBS 
(mammalian erythrocytes) or citra te/dextrose/sodium chloride so lu tion (CDS 
so lu tion) ( f is h  erythrocytes) in  4" x tes t tubes, and adding 0.5 ml of
0.8% erythrocyte suspension to each tube. Erythrocytes incubated in  bu ffe r 
served as con tro ls . Test mixtures were incubated fo r  30 min at 37°
(mammalian erythrocytes) or at 15° or 20° ( f is h  erythrocytes) and 
centrifuged (700 x g fo r  2 min). The op tica l density of each supernatant 
was measured at 541 nm in a Pye Uni cam SP 500 series 2 spectrophotometer with 
1 cm path length s i l i c a  m ic ro -ce lls ;  supernatant from the control tube 
served as the blank. The haemolytic t i t r e  (HU^g) was taken as the reciprocal 
of the highest d i lu t io n  of haemolysin causing 50% haemolysis of a suspension 
under the above conditions. When making se r ia l two-fo ld  d i lu t io n s ,  p ipettes 
were changed at every second transfe r and when comparing t i t r a t io n s ,  a 
one-tube d iffe rence in the end-point was not considered s ig n i f ic a n t .
2. T i t ra t io n  of 6-haemolysin at d i f fe re n t  temperatures
Doubling d i lu t io n s  o f 6-haemolysin were made in  5 ml volumes of CDS 
so lu tion and 0.5 ml amounts of each d i lu t io n  transferred in to  a series of nine 
4" X I "  tubes to give nine re p lica te  series of d i lu t io n s .  To each tube was 
added 0.5 ml of a 0.8% suspension o f washed mackerel erythrocytes in CDS 
so lu tion . The mixtures were incubated at 0° ( ice ba th ), 5°, 10° (Grant 
Instruments L td . ,  cooled glycol baths), 15°, 20°, 25°, 30°, 37° or 45° (Grant 
SB2 water baths) fo r  30 min. A l l  tubes were centrifuged and the t i t r a t i o n  
end-points determined spectrophotometrically as described above.
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3, E ffec t of Z-mercaptoethanol on haemolysin t i t r e
A mixture of 6-haemolysin (0.9 ml) and 2-mercaptoethanol (10 mM,
0.1 ml) was incubated fo r  5 min at 37° and se r ia l 1 ml d i lu t io n s  of
mercaptoethanol treated and con tro l,  untreated, 6-haemolysin were made in 
CDS so lu t ion . A fte r  addition of 1 ml of saithe erythrocyte suspension (1%) 
to each tube the mixtures were incubated at 15° and the t i t r a t i o n  end-points 
determined spectrophotometrically as described previously.
4. E ffec t of erythrocyte concentration on the degree of haemolysis by 
a f ixed  amount of 6-haemolysin
Doubling d i lu t io n  t i t r a t io n s  of 6-haemolysin were performed using 
human, cod and mackerel erythrocytes to establish the concentration of 
haemolysin which lysed approx. 50% of a 1% ce l l  suspension (HU^g). Human,
cod and mackerel erythrocytes were suspended in Dulbecco 'A' (human) or CDS
solution (cod and mackerel) in  0.5 ml volumes at concentrations from 8% to
0.1% v/v and one HU^q (0.5 ml) 6-haemolysin added to each suspension (1/255 
d i lu t io n  of stock 6-haemolysin fo r  human c e l ls ;  1/1600 fo r  cod and 1/3200 
fo r  mackerel ce l ls )  and a f te r  incubation fo r  30 min at 37° (human) or 15°
(cod and mackerel) the proportion of ce l ls  lysed was measured by spectro­
photometry and comparison to ce l l  suspensions lysed by addition of saponin.
E. Mammalian erythrocytes
Rabbit blood was co llected by bleeding from the marginal ear vein 
and sheep blood by jug u la r venepuncture. S te r i le  sodium c i t ra te  3.8% (w/v) 
was used as an anticoagulant fo r  both. Defibrinated horse blood (Oxoid, 
London) containing no preservative was used as a source of horse erythrocytes 
and c it ra te d  human blood was obtained from the Haematology Department,
Western In f irm ary , Glasgow.
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F. Fish blood
1. Collection of f is h
The f is h  used in  th is  work were obtained by courtesy o f Professor 
N. M i l l o t t ,  U n ive rs ity  Marine B io log ica l S ta tion , M i l lp o r t ,  Is le  o f Cumbrae, 
and were caught by traw ling  in the F ir th  o f Clyde using the research vessel 
m.v. 'Mizpah'. The f is h  obtained by traw ling fo r  periods of about one hour 
were sorted on deck and selected ind iv idua ls  kept a l ive  in  open 40-gallon 
p la s t ic  baths p r io r  to bleeding.
A va r ie ty  of species o f f is h  were obtained (Table 12 ) but d a i ly  
and seasonal va r ia t ion s  in  the abundance of ind iv idua l species permitted the 
use o f several d i f fe re n t  species in both storage and haem olys in-sensitiv ity  
experiments. Saithe and cod predominated although, occasiona lly , both were 
to ta l ly  absent.
2. Collection o f blood
Fish were k i l le d  by stunning and blood withdrawn from the dorsal 
aorta using a syringe and needle; w ith f is h  less than 500 g in weight, a
2.5 ml syringe and 23 g needle were used, but w ith la rger f is h  a 10 ml ur 
20 ml syringe w ith 21 g or 18 g needle was taken. A fte r withdrawal, blood 
was immediately mixed w ith 3.8% sodium c i t ra te  to prevent coagulation and 
blood from several f is h  was normally bulked and maintained at 0° in  an 
i c e - f i l l e d  Dewar f la sk  fo r  transport to the laboratory. Serum samples were 
obtained by allowing blood to c lo t  in  Universal containers. Serum was 
withdrawn a fte r  transport to the laboratory, centrifuged to remove traces of 
erythrocytes and stored frozen at -20°.
3. ' Storage of blood in  l iq u id  nitrogen
Equal volumes of c i t ra te d  f is h  blood and dimethyl sulphoxide
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Table 12. Species of f is h  obtained by traw ling
Family Species Common name
GADIDAE Gadus morhua Cod
Melanogramtnus aeg lif inus Haddock
Pollachius virens Sai the
Pollachius pollachius Pollack
Merlangius merlangus Whiting
Trisoplerus minutus Poor Cod
Merluccius merluccius Hake
GLUPIDEAE Clupea harengus Herring
PLEURONECTIDAE Pleuronectes platessa Plaice
E u tr ig l ia  gurnadus Grey Gurnard
SCOMBRIDAE Scomber scombrus Mackerel
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(7.5 to 15% v/v in CDS s o lu t io n ) ,  cooled to 0°, were mixed and allowed to 
stand at 0° fo r  5 - 1 0  min. Blood samples containing DMSO were d is tr ibu ted  
in to  2 ml polypropylene screw cap ampoules (S te r i l in  L td . ,  Richmond, Surrey) 
(0.8 ml per ampoule). Ampoules were mounted in aluminium canes and the 
blood frozen qu ick ly  by immersion in l iq u id  nitrogen (B r i t is h  Oxygen Company 
10 l i t r e  V ivostat l iq u id  nitrogen storage conta iner).
For storage as frozen p e l le ts ,  the blood/CDS/DMSO mixture was 
frozen by dropwise addition in to  l iq u id  nitrogen in  a Dewar f la s k ;  the 
l iq u id  nitrogen was removed by décantation and p e l le ts  stored in  screw cap 
aluminium canisters (18.5 cm x 3.5 cm diameter w ith 1 mm holes d r i l le d  at 
in te rva ls  along the length to allow free exchange of l iq u id  n itrogen).
4. Measurement of erythrocyte concentration in blood
In experiments designed to  te s t  the e f fe c t  o f blood concentration on 
storage propert ies , the packed c e l l  volume of c i t ra te d  blood samples was 
measured using the micro-haematocrit technique. A heparinised haematocrit 
cap illa ry -tube  (Sherwood Medical Ind. In c . ,  St. Louis, Missouri) was f i l l e d  
with blood, one end was sealed w ith 'C ris tase a l ' (Gelmer-Hawksley, Lancing. 
Sussex), the c a p i l la r ie s  centrifuged (2,000 rpm, 10 min, MSE bench centrifuge, 
micro-haematocrit head assembly) and the percentage packed ce ll  volume 
measured from the re la t iv e  lengths of the erythrocyte and plasma columns 
(MSE Microhaematocrit reader).
Erythrocyte concentrations in c itra ted  blood were adjusted by 
removal of the calcu lated volume of c i tra te d  plasma a f te r  cen tr ifuga tion  
(500 g, 5 min).
5. Recovery o f frozen blood
Ampoules o f frozen blood were removed from th e ir  storage canes and
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rap id ly  thawed at 35° in a water bath.
Pelleted blood was recovered by pouring p e lle ts  in to  a Universal 
b o tt le  containing CDS so lu tion  which was immersed in  a 35° water bath to 
accelerate thawing.
6. Measurement of the degree of lys is  on storage
The amount of free haemoglobin in  the supernatants of erythrocyte 
suspensions was used as a measure of ly s is .
Blood stored in ampoules was thawed at 35° and 0.3 ml added to 
20 ml CDS so lu tion  containing the same concentration of DMSO as the stored 
blood. A fte r cen tr ifuga tion  (700 g, 5 min) the supernatant optica l 
density a t 541 nm was measured in a Pye Unicam SP 600 spectrophotometer.
A 100% lys is  standard was prepared by addition of saponin (approx. 1 - 2 mg) 
to the blood suspension and cen tr ifuga tion  to remove erythrocyte debris.
The percentage ly s is  =
Ecai sample
..21L .-----------------------  X 100
saponin lys is
Pelleted blood was weighed in to  a tared Universal b o tt le  and 
CDS/DMSO solu tion added to give a 1% w/v suspension; erythrocyte ly s is  on 
storage was then determined spectrophotometrically as described above.
Erythrocyte washing procedure
Erythrocytesfrom ra b b it ,  human, horse and sheep were washed three 
times by cen tr ifuga tion  and resuspension in Dulbecco 'A' phosphate buffered 
saline (10 - 20 volumes each time) before use. Dimethyl sulphoxide was 
washed from f is h  erythrocytes by cen tr ifuga tion  and resuspension in 10 volumes 
of CDS/DMSO so lu tion  containing decreasing proportions of DMSO (12.5%, 10%, 
7.5%, 5.0%, 2.5% and 1.0%) before washing twice in  CDS so lu tion .
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G. Properties of f is h  sera
1. Osmolality
The osm ola lit ies of f is h  sera and bu ffe r were determined w ith a 
Fiske c l in ic a l  osmometer (Advanced Instruments, Mass., U.S.A.) by courtesy of 
the M.R.C. Blood Pressure U n it, Western In f irm ary , Glasgow. The instrument 
was ca lib ra ted with a standard so lu tion  of sodium chloride (500 m ill iosm oles/ 
kg HgO) and osm ola lit ies were measured on duplicate 0.3 ml samples of serum. 
Varia tion between duplicate samples was not greater than 1% and readings were 
taken d i re c t ly  in m illiosm oles/kg. Serum samples, which had been stored 
at -20°, were thawed and allowed to reach room temperature before use.
2. £H
The pH of sera and bu ffer was measured with a Pye Model 292 pH meter 
(PyeUnicam) with a special long-reach combination electrode CMAT (Russell pH 
L td .,  Auchtermuchty, F i fe ) .
H. Assay of 6-haemolysin on blood agar plates
I .  Radial d i f fu s io n  haemolytic assay fo r  6-haemolysin
Blood agar plates were prepared by pouring 5 ml molten 1% to 5% (v/v) 
blood, agar (Oxoid blood agar base No. 2) in to  a 5 cm diameter p la s t ic  pe tr i 
dish (S te r i l in  L td . ,  Richmond, Surrey). Sodium azide was incorporated in to  
blood agar(to in h ib i t  bac te r ia l growth)at a concentration (0.01%) shown to 
have no e f fe c t  on the haemolytic a c t iv i t y  of 6-haemolysin. Sodium chloride 
(0.1 M) was incorporated in to  f is h  blood agar to increase the osmolality and 
to give c learer ly s is  zones. Six 3.5 mm wells were cut in the agar by means 
of a cork borer and perspex template with holes equ id is tant from the centre 
of the p la te . The holes were f i l l e d  with 10 pi amounts of 6-haemolysin at
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concentrations of 0.5%, 1.0%, 2.0%, 4.0%, 6.0%, 8.0% of a stock so lu tion .
The plates were then incubated at 37° (human) and at 4° (cod and mackerel) 
fo r  24 and 48 hr respective ly . The radius of the haemolytic zone (colony 
edge to zone edge) around each well was then measured w ith an eyepiece
containing a m il l im e tre  g ra t icu le .  The optimum time of incubation was found
to be 48 hr.
2. Growth o f S. aureus on blood agar plates
Cod, human, horse, ra b b it  and sheep erythrocytes were used in th is  
study. The preparation of 5% blood agar plates was as described above but
with the omission of sodium azide.
a) Inoculation of cu ltu re s . A stab-inocu la tion method was used which 
was e sse n t ia l ly  as described by Williams & Harper (1947) and Marks & Vaughan 
(1950). I t  was done w ith a s tra ig h t wire charged from a colony on a horse 
blood agar plate by stabbing perpendicularly in to  the blood agar in a
5 X 1 cm p e tr i  dish. Each s tra in  was inoculated onto the f iv e  species of 
blood agar. Though there was no detectable d iffe rence in the size of the 
haemolytic zones produced by 10 colonies a r is ing  from 10 consecutive stabs 
made w ithout recharging the w ire , a duplicate experiment was always performed. 
In one row, the stab-inocula tion was carried out in the order: cod, human,
horse, sheep, ra b b i t ,  while the other row was done in  the reverse order.
b) Incubation condition and measurement of zones. The mammalian blood 
agar plates were incubated at 37° and the cod at 25° and the ra d i i  of zones 
measured a f te r  24 hr and then 48 hr incubation. The ra d i i  of colonies and 
th e ir  l y t i c  zones were measured from the reverse side of the p la te .
3. Blood-agar overlay assay
Because of the in s ta b i l i t y  of f is h  erythrocytes at temperatures above
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25° a blood-agar overlay technique was used in several tes ts . Cultures 
were inoculated on to a n u tr ie n t  agar plate instead of blood agar. A fte r 
24 hr growth a t 37° an overlay o f 5 ml molten 5% blood agar (45°) containing 
NaNg was then poured onto the top of the growth cu ltu re . The plates were 
then incubated at 4° and the sizes o f colonies and th e i r  l y t i c  zones were 
measured as described above a f te r  24 hr and then 48 hr.
RESULTS
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Preparation of p u r i f ie d  S. aureus 6-haemolysin 
Selection of s tra in
The haemolytic a c t iv i t y  of f iv e  staphylococcal s t ra in s ,  JK128,
0K132, JK138, JK139, NCTC.10345, which had been observed to produce high levels 
of haemolysin not neutra lisab le  by anti a-haemolysin antiserum were examined 
to select a su itab le  6-haemolysin producer.
Crude cu ltu re  supernatants of each s tra in  were prepared as 
described fo r  S. aureus s tra in  NCTC 10345 but on a smaller scale (60 m l). 
D oubling-d ilu tion t i t r a t io n s  against human and rabb it erythrocytes were then 
performed on the crude cu ltu re  supernatant of each s tra in .  The ra t io  of the 
haemolysin t i t r e s  (human/rabbit) was assumed to r e f le c t  the ra t io  of 6-haemolysin 
to a-haemolysin in the cu ltu re  supernatant.
The re su lts  (Table 13 ) showed tha t of the f iv e  s tra ins  tested 
NCTC 10345 yielded both the highest t i t r e  against human erythrocytes and the 
highest t i t r e  r a t io .  This s tra in  was therefore selected fo r  production of 
6-haemolysin.
Preparation and characterisation of S. aureus 6-haemolysin
Delta-haemolysin was p u r i f ie d  from 1 l i t r e  o f crude cu ltu re  
supernatant according to the method of Kreger e;t aj[. (1971) using hydroxylapatite 
The supernatants from each washing step were t i t r a te d  fo r  haemolytic a c t iv i t y  
against ra b b it  and cod erythrocytes (Table 14). Addition of hydroxylapatite 
to the cu ltu re  supernatant removed a l l  haemolytic a c t iv i t y  against cod 
erythrocytes, although haemolysin active against ra b b it  erythrocytes (presumably 
a-haemolysin) remained in the supernatant. Forty f iv e  per cent of 6-haemolysin
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Table 13. T i t ra t io n  of crude cu ltu re  supernatants of f iv e  staphylococcal
s tra ins  against human and ra bb it  erythrocytes
Staphylococcal s tra in
Haemolysin t i t r e  
(HU/ml)
Human Rabbit
Ratio of haemolysin 
t i  tres
(Human/Rabbi t )
NCTC 10345 160 80 2
JK 128 40 160 0.25
JK 132 80 320 0.25
JK 138 40 80 0.5
JK 139 80 320 0.25
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Table 14. Haemolysin a c t iv i t y  in supernatant l iqu id s  from the 
p u r i f ic a t io n  of 6-haemolysin with hydroxylapatite
Flu id Volume Haemolysin t i t r e  (HU/ml).
(ml) Rabbi t  
erythrocytes
Cod
erythrocytes
Culture supernatant 1000 640 640
Supernatant a fte r  
addition of 
hydroxylapatite 1000 40 0
0.01 M P.B.* washings 
(bulked) 2000 0 0
0.4 M P.B.* washings
(supernatant 1) 600 40 160
(supernatant 2) 500 20 80
(supernatant 3) 200 20 80
(supernatant 4) 200 20 40
1.0 M P.B.* washings
(supernatant 1) 100 320 1280
(supernatant 2) 100 160 640
(supernatant 3) 100 80 640
(supernatant 4) 100 20 160
(supernatant 5) 100 20 160
* P.B.; phosphate bu ffe r
52
was recovered by washing the hydroxylapatite with 1.0 M phosphate bu ffe r and 
the spec if ic  a c t iv i t y  o f the concentrated preparation was 750 HU/mg protein 
on t i t r a t io n  w ith cod erythrocytes. S im ilar resu lts  were obtained in 
subsequent preparations o f ô-haemolysin.
U l t ra v io le t  spectrum of p u r i f ie d  ô-haemolysin
The UV spectrum of ô-haemolysin (Fig. 1 ) showed absorption maxima 
at 273 nm and 291 nm with a minimum at 250 nm and was s im i la r  to tha t found by 
Kreger ^  (1971).
Disc-gel e lectrophoresis o f p u r i f ie d  ô-haemolysin
Electrophoresis o f p u r i f ie d  ô-haemolysin in  polyacrylamide gels 
revealed a s ing le  broad band in ac id ic  gels (pH 4.3) and two bands in a lka line
(pH 9.5) gels. Densitometer traces o f disc gels o f both systems are shown
in Fig. 2 .
Isoe lectr ic focus ing  of p u r i f ie d  ô-haemolysin
When ô-haemolysin was subjected to isoe lec tr ic focus ing  in a broad 
pH gradient (pH 3.5 - 10), a l l  haemolytic a c t iv i t y  was found in  a s ing le peak 
(pi 4.45) corresponding to the major peak of E^gg-absorbing material (Fig. 3 ) .  
The haemolytic a c t iv i t y  o f the peak f ra c t io n  against cod erythrocytes was 
128 X greater than against ra b b it  erythrocytes and 8 X greater than against 
human erythrocytes. Heating (100°, 10') caused no loss in haemolytic a c t iv i t y  
but t i t r a t io n  of the peak f ra c t io n  in 5% human serum resulted in an e ig h tfo ld  
reduction in t i t r e .  No a -  or g-haemolysin was detectable as judged by the 
absence of haemolysins w ith a pi greater than 7.
This ô-haemolysin preparation was considered sa t is fa c to ry  fo r  the
fu r th e r  examination of the haemolysin assay using cod erythrocytes.
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Figure 1. U l t ra v io le t  absorption spectrum of ô-haemolysin
The absorption spectrum of p u r i f ie d  soluble ô-haemolysin 
(500 yg/ml) was measured in  the Pye Uni cam SP800 spectrophotometer 
in 1 cm path length s i l i c a  c e l ls .
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Figure 2. Disc gel electrophoresis of <S-haemo1ysin
a) Densitometer trace of 27 yg ô-haemolysin analysed in  an 
ac id ic  (pH 4.3) 7.5% polyacrylamide ge l.
b) Densitometer trace of 13 yg ô-haemolysin analysed in an 
a lka line  (pH 9.5) 7.0% polyacrylamide gel.
S.G. stacking g e l . ,
T.G. tracking dye. An absorption band corresponding to 
the tracking dye was found in  blank gels in  both 
acid ic and a lka line  gels.
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b
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Figure 3. Is o e le c tr ic  focusing of 6“ haemo1ys1n
P urif ied  6-haemolysin (2 mg) was analysed by 
is o e le c tr ic  focusing using the apparatus of Talbot & Cale (1975) 
and the ^280* haeniolytic a c t iv i t y  of each f ra c t io n  assayed
-6 ^280
-A haemolytic a c t iv i t y ;  1% cod erythrocytes
9 1% human erythrocytes
o o 1% ra b b it  erythrocytes
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Properties of Fish Serum
Selection of a su itab le  suspending so lu tion  fo r  f is h  erythrocytes 
is  complicated by the wide va r ia t ion  in serum osm olality  between d i f fe re n t  
f is h  species.
In prelim inary experiments, frozen f is h  blood (vide in f ra )  was 
thawed and d ilu ted  in  several bu ffer systems (CDS, Hodgins & Ridgway, 1964;
PBS buffers of Holmes & S to t t ,  1960; Cortland, ; and Dulbecco & Vogt,
1954). Although l i t t l e  lys is  occurred in CDS so lu t io n , the pH and osmolality 
of several f is h  sera and buffers was measured to assess the s u i t a b i l i t y  of th is  
buffer system (Table 15 ). The osm ola lit ies of sa line and of ra b b it  serum 
were measured as con tro ls .
Cod serum had a mean osmolality of 401 m illiosmoles/kg and a pH 
of 7.15; the serum osm ola lity  o f other f is h  species varied widely but the serum 
pH was, as with cod, s l ig h t ly  a lka lin e . The CDS so lu tion  although hypotonic 
fo r  a l l  f is h  sera tested appeared to be sa t is fa c to ry  fo r  use in  the handling of 
f is h  erythrocytes.
Storage o f Fish Blood
Because of the d i f f i c u l t y  in obtaining regular supplies of fresh 
f is h  blood, the conditions required fo r  preservation were examined. In 
prelim inary experiments, washed erythrocytes suspended in  a va r ie ty  of buffers 
were stable fo r  approx. 3 days a t 0*^  to 4°. C itrated whole blood was more 
stab le; less than 1% lys is  of cod blood occurred a f te r  7 days storage at 0°, 
but lys is  increased ra p id ly  during the second week o f storage. C itrated haddock 
saithe or herring blood were not v is ib ly  lysed a f te r  one week at 4^. Experiments 
were therefore made to determine the conditions fo r  storage of f is h  blood in 
l iq u id  nitrogen using dimethyl sulphoxide (DMSO) as a cryopreservative.
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Table 15. Osmolality and pH of fis h  sera and buffers
Flu id Osmolality 
m illiosmoles/kg H^ O
pH
SERA*
Cod 392 7.1
407 6.7
402 7.35
402 7.2
n . t . 7.35
Saithe 398 7.3
Pollack 359 7.1
Hake 413 7.2
Whiti ng 428 7.3
Gurnard 430 7.45
Herring 501 n . t .
Mackerel 414 7.2
Plaice 390 n . t .
Rabbi t 304 n . t .
BUFFERS AND 
SOLUTIONS
3.8% sodium 
c i t ra te 371 9.85
0.9% NaCl 290 n . t .
Dulbecco A 256 7.25
CDS 320 7.35
* Five ind iv idua l cod sera & a pool o f 3 saithe sera were tested 
The remainder were ind iv idua l samples.
n . t .  = not tested.
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Several species of f is h  were used fo r  these experiments since the a v a i la b i l i t y  
of p a r t icu la r  f is h  varied during the year.
Storage of cod blood
Aliquots of pooled c i t ra te d  cod blood were mixed w ith equal volumes 
of DMSO (15 to 30% in CDS so lu t ion ) to give f in a l  DMSO concentrations of 7.5 to 
15% v /v . Blood was frozen in ampoules in l iq u id  nitrogen which, a f te r  various 
storage times, were thawed and the degree of lys is  measured (Table 16 ). The 
optimum concentration of DMSO in  the freezing mixture was found to be 10 to 
12.5%. I n i t i a l l y  10% DMSO was considered the optimum storage concentration 
and was used in  several experiments u n t i l  i t  became apparent tha t 12.5% DMSO 
gave marginally be tte r recovery of erythrocytes. Cod blood was also stored in
7.5 to 15% DMSO fo r  up to 5 months with l i t t l e  increase in  ly s is  on thawing 
during th is  period (Table 17).
Storage o f blood of other f is h  species
Citrated blood o f sa ithe , haddock, mackerel and herring was stored 
in  l iq u id  nitrogen fo r  one month using 7.5 to 15% DMSO as a cryoprotective 
agent (Table 18). In s ig n i f ic a n t  ly s is  of sa ithe , haddock and mackerel 
erythrocytes occurred w ith  DMSO concentrations of 10 and 12.5%, but extensive 
lys is  of herring erythrocytes occurred especia lly  a t the higher concentrations 
of DMSO,
Effec t of erythrocyte concentration on storage of f is h  blood
To maximise the quantity  o f f is h  blood which could be stored in  
l iq u id  nitrogen three approaches were considered.
F i r s t l y ,  instead of adding an equal volume of 20% DMSO in CDS to 
c itra ted  blood, neat DMSO or 30-50% DMSO in CDS was added to c it ra te d  saithe 
blood to a f in a l  concentration of 10% DMSO. S ig n if ic a n t ly  greater lys is  of
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Table 16. Lysis of cod erythrocytes stored one month 1n 
various concentrations of dimethyl sulphoxide 
in  l iq u id  nitrogen
DMSO concentration 
i% v /v)
Lysis (%) a f te r  storage fo r  one month 
mean* standard e rro r
7.5 6.8 1.5
10.0 2.1 1.0
12.5 1.5 1.0
15.0 3.4 1.2
* Ten determinations in  two separate experiments
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Table 17. Lysis o f cod erythrocytes during storage 1n various
concentrations of dimethyl sulphoxide in l iq u id  nitrogen
DMSO concentration 
(% v /v ) 1 week
Lysis { %) *  
2 wks
a fte r  storage fo r  
1 month 2 months
stated period 
3 months 5 months
7.5 6.2 9.1 6.6 8.9 5.5 8.2
10.0 0.8 4.9 2.7 7.1 4.7 6.8
12.5 0.0 0.2 0.0 11.6 3.3 5.5
15.0 0.0 0.0 0.0 10.9 7.2 7.0
* Mean of two determinations
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Table 18. Lysis of erythrocytes of various f is h  species stored one month in  
various concentrations o f dimethyl sulphoxide in l iq u id  nitrogen
DMSO concentration 
{% v /v) Saithe
Fish species 
Haddock Mackerel Herring
7.5 4.2 7.6 6.6 11.5
10.0 1.8 5.8 5.3 21.9
12.5 2.3 3.3 5.2 48.7
15.0 9.1 8.5 9.6 68.9
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erythrocytes occurred as the DMSO concentration in the added f lu id  was 
increased (Table 1 9 ) ;  least ly s is  occurred when equal volumes of 20% DMSO in 
CDS and c itra ted  blood were mixed.
Secondly, the erythrocyte concentration was increased by removal of 
c itra ted  plasma from the blood before addition of an equal volume o f 20% DMSO 
in  CDS. With both saithe (Table 20 ) and haddock blood (Table 21 ) 
in s ig n i f ic a n t  ly s is  occurred when the erythrocyte concentration was raised to 
34% and 20% respective ly.
T h ird ly ,  the blood/CDS/DMSO mixture was added dropwise in to  l iq u id
nitrogen to  form pe lle ts  which could be stored in canisters rather than ampoules.
Cod, saithe and mackerel blood could be s a t is fa c to r i ly  stored in th is  way
(Table 22 ) and mackerel blood was less than 8% lysed over a period of s ix  months
Blood was ro u t in e ly  stored by removal of plasma to increase the 
erythrocyte concentration, adding an equal volume of CDS/DMSO and dropping in to  
l iq u id  nitrogen to form p e l le ts .  In th is  way c it ra te d  blood from one 
co llec t ion  (300 ml) was stored and used over a period of three months w ithout 
de te r io ra t ion .
Recovery of blood from the frozen state
Extensive haemolysis usually occurred i f  the thawed blood was 
suspended d i re c t ly  in CDS so lu tion instead of in the CDS-DMSO buffer used fo r  
storage. Saithe and cod blood stored in 7.5 to 15% of DMSO in CDS fo r  1 week 
and 21 weeks respective ly  was thawed and two samples of each were d ilu ted  in CDS 
or CDS + DMSO. In Table 23 the haemolysis a f te r  suspension in  CDS or in 
DMSO-CDS so lu tion was compared and th is  showed tha t the degree of haemolysis in 
CDS was high and also h ighly variable but was more reproducible in DMSO-CDS. 
S im ilar resu lts  were obtained fo r  pelleted mackerel erythrocytes (Table 24)-
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Table 19. Lysis of saithe erythrocytes a f te r  storage in 10% DMSO at
various erythrocyte concentrations in l iq u id  nitrogen
Composition of freezing mixture 
c itra ted  blood CDS/DMSO 
volumes volumes % DMSO
erythrocyte 
concentration 
( p . c . v . , %)
lys is  (%) 
a f te r  two week 
storage
1 1 20 11 8.2
2 1 30 14.7 15.0
4 1 50 17.6 26.8
9 1 100 19.8 28.2
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Table 20. Lysis of saithe erythrocytes stored in 10% DMSO at various
erythrocyte concentrations in  l iq u id  nitrogen
erythrocyte concentration 
in freezing mixture 
(% p .c .v . ) *
Lysis (%) a f te r  storage 
2 days 37 days
9 6.0 5.5
15 6.6 3.0
18 6.8 5.9
27 1.7 0.9
34 2.6 5.2
* Plasma was removed from c it ra te d  blood to increase the erythrocyte 
concentration to  18 - 68% and an equal volume o f 20% DMSO in  CDS was added
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Table 21. Lysis of haddock erythrocytes stored in  10% DMSO at various
■ erythrocyte concentrations in l iq u id  nitrogen
Erythrocyte concentration 
in freezing mixture 
(% p .c .v . )
Lysis (%) a f te r  storage 
3 days 37 days
9 2.4 0.0
10 2.8 0.0
13 9.8 5.5
15 3.4 1.0
20 3.0 5.0
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Table 22. Lysis o f erythrocytes stored as pe lle ts
Erythrocytes Time stored 
(weeks)
% lys is
cod (10% DMSO) 2 2.6
4 6.2
6 7.3
mackerel
(12.5% DMSO) 2 7.7
3 0.5
9 7.0
26 3.5
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Table 24. Lysis o f mackerel erythrocytes a f te r  thawing and d i lu t io n
in  CDS so lu tion  or CDS + DMSO
Pelleted mackerel blood, stored two weeks in 12.5% DMSO/CDS 
was weighed in tared Universal bo tt les  and CDS so lu tion  or 
CDS so lu tion  + 12.5% DMSO was added to give a 5% w/v 
suspension.
Suspending % lys is
, so lu tion
CDS 25.5, 57.4
CDS + 12.5% DMSO 7.0 , 8.4
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DMSO was washed from erythrocytes with graded d i lu t io n s  o f DMSO in  
CDS so lu tion through f iv e  or s ix  steps to remove both DMSO and serum proteins 
which in h ib i t  the action of 6-haemolysin. _ Duplicate samples of cod or saithe 
blood which had been stored in 7.5 to 15% DMSO in  CDS respective ly  fo r  2 weeks 
were thawed in a 35° water bath. Erythrocytes were washed successively in  
solutions containing decreasing concentrations of DMSO in CDS, the erythrocytes 
being collected by cen tr ifuga tion  at 600 x g/10 min between each washing.
S ligh t haemolysis occurred during the f i r s t  three or fou r washing steps (Table 25 ) 
The washed erythrocytes remained f a i r l y  stable and the erythrocyte-CDS suspension 
could be kept at 4° fo r  at least two days w ithout appreciable haemolysis. In 
a number of te s ts ,  the t i t r a t i o n  resu lts  using f is h  erythrocytes frozen with 
dimethyl sulphoxide were s im ila r  to those obtained using fresh blood.
F in a l ly ,  no morphological d ifferences were v is ib le  between fresh 
erythrocytes and stored erythrocytes e ith e r before or a f te r  washing to remove 
serum proteins and DMSO (Plate 1 ).
Assay of 6-haemolysin
Prelim inary work by Birkbeck & Arbuthnott established tha t f is h  
erythrocytes had advantages over mammalian erythrocytes fo r  the assay of 
6-haemolysin. The conditions required to give a reproducible and sensitive  
assay fo r  6-haemolysin were investigated in th is  section of the work.
Incubation temperature
Doubling d i lu t io n s  of 6-haemolysin were incubated fo r  30 minutes 
with 1% mackerel erythrocytes over the temperature range 0 - 37° and the degree 
of lys is  in  each tube measured spectrophotometrically. The haemolysin t i t r e  
(1000 HU/mg pro te in ) was essen tia lly  constant over the temperature range 0 - 37° 
confirming the resu lts  obtained by Birkbeck & Arbuthnott fo r  cod erythrocytes.
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Plate 1. Morphology o f cod erythrocytes
Cod erythrocytes were examined with a Le itz  Orthoplan 
microscope and photographed using I l f o r d  Pan F f i lm .
a) fresh c it ra te d  cod blood
b) fresh c it ra te d  cod blood washed once in  CDS so lu tion
c) cod erythrocytes a f te r  storage in l iq u id  nitrogen 
(50% c it ra te d  blood, 40% CDS, 10% DMSO)
d) stored cod erythrocytes a f te r  successive washes in  
10, 7 .5 , 5.0, 2.5, 1.0 and 0% DMSO in  CDS so lu t ion .
% « Ik
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A n  fu r th e r  work was carried out at an incubation temperature o f 15°, as cod 
erythrocytes were s l ig h t ly  more sens it ive  to 6-haemolysin a t th is  temperature.
Time of incubation
In the doubling d i lu t io n  assay of 6-haemolysin, f is h  erythrocytes 
lysed ra p id ly .  The k ine tics  of ly s is  in the te s t  were determined by performing 
four pa ra l le l doubling d i lu t io n  assays which were terminated by cen tr ifuga tion  
(2000 g/5 min) a f te r  10, 20, 30 and 60 min respec t ive ly , and the degree of lys is  
in each tube measured spectrophotometrically. Erythrocyte ly s is  was rapid and 
at the t i t r a t io n  end-point the degree of lys is  increased only s l ig h t ly  a fte r
10 min incubation (Fig. 4 ).
A l l  doubling d i lu t io n  assays were incubated fo r  30 min although,
in  practice , acceptable resu lts  would be obtained a f te r  only 10 min incubation.
Composition and io n ic  strength of d i lue n t
For assay o f complement or of S. aureus g-haemolysin, the composition 
of the assay bu ffe r has a marked influence on the t i t r e s  obtained. Delta- 
haemolysin was therefore assayed using mackerel erythrocytes in buffer containing 
varying amounts of sodium chloride to increase the ion ic  strength.
No s ig n if ic a n t  change in  t i t r e  was found on assay in  Dulbecco 'A'
PBS, CDS so lu t ion , CDS so lu tion with added NaCl (2, 4, 6, 8, 10, 12 and 14 g / l i t r e ) ,  
Dulbecco 'A' PBS with added NaCl (2, 4 or 6 g / l i t r e ) .  Therefore although CDS 
solution was s l ig h t ly  hypotonic fo r  f is h  erythrocytes no increase in  s e n s i t iv i t y  
to 6-haemolysin was observed with solutions closer to ideal to n ic i ty  and CDS 
solution was used in a l l  t i t r a t io n s .
Activation by 2-mercaptoethanol
When 6-haemolysin was incubated with 1 mM 2-mercaptoethanol no 
increase in  a c t iv i t y  was found when assayed using cod erythrocytes.
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Figure 4 Kinetics of haemolysis of cod erythrocytes by
6-haemolysin
Delta-haemolysin (approximately 1 HU^q in  0.5 ml) 
was added to 0.5 ml a liquots  of 0.8% cod erythrocytes 
and a fte r  10, 20, 30 or 60 min the suspension was 
centrifuged and the percentage ly s is  estimated by 
spectrophotometry.
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The e ffec t of erythrocyte concentration on haemolysin t i t r e
The va r ia t io n  in  haemolysin t i t r e  w ith erythrocyte concentration 
was investigated to determine the optimum concentration fo r  assay and also to 
investigate the mode o f action of 6-haemolysin on f is h  erythrocytes. Mackerel 
erythrocytes at concentrations o f 2 to 0.1% v/v were used and the haemolysin 
t i t r e  (HU^q) at each concentration determined from a graph o f percentage lys is  
against haemolysin concentration fo r  each ce ll  concentration used. The 
va r ia t ion  of haemolysin t i t r e  w ith erythrocyte concentration (Fig. 5 ) showed 
tha t halving the erythrocyte concentration increased the haemolysin t i t r e  by 
approx. 60%. Using 0.3% erythrocyte suspensions, end-points could be 
measured s a t is fa c to r i ly  by spectrophotometry at 540 nm but 0.5 to 1% ce l l  
suspensions were more su itab le  fo r  visual estimation.
To obtain information on the mode of action of 6-haemolysin on f is h  
erythrocytes, haemolysin (1 HU^q; determined separately fo r  each erythrocyte 
species using a 1% ce l l  suspension) was added to human, cod or mackerel 
erythrocytes of varying concentrations and the percentage c e l l  ly s is  a f te r  30 
min incubation was determined spectrophotometrically.
With f is h  ery throcytes, the percentage ce l l  ly s is  was a l in e a r 
function of log erythrocyte concentration whereas fo r  human erythrocytes a curve 
was obtained (Fig. 5 ) ind ica t ing  tha t although 6-haemolysin acts on a wide 
range of e ry th rocytes, erythrocytes of d i f fe re n t  species do not respond to 
6-haemolysin in  the same way.
Haemolytic spectrum of 6-haemolysin
The s e n s i t iv i t y  o f various erythrocyte species to 6-haemolysin was 
investigated and the t i t r a t i o n  end-points determined by spectrophotometry.
From Table 26, i t  can be seen tha t a l l  f is h  erythrocyte species tested were
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Figure 5 The e f fe c t  of cod erythrocyte concentration on
6-haemolysin t i t r e
Delta-haemolysin was assayed using 0.1 - 2% cod 
erythrocytes. The resu lts  of three separate 
experiments are shown.
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Figure 6 Degree of haemolysis on incubation of a f ixed  
quantity  o f 6-haemolysiti with various 
concentrations o f erythrocytes
Delta-haemolysin (approx 1 HU^q/ 0.5 ml fo r  a 1% 
suspension o f each erythrocyte species) was added 
to an equal volume of human, cod or mackerel erythrocytes 
(0.25 - 8.0% v /v ) .  A fte r 30 min incubation the degree 
o f haemolysis was measured by spectrophotometry.
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Table 26. Haemolytic spectrum of 6-haemo1ys1n
Erythrocyte species'* s e n s i t iv i t y  re la t iv e  
to human 
(%)
Human 100
Horse 100
Rabbit 60
Sheep 20
Cod 400
Poor Cod 400
Saithe 400
Haddock 400
Hake 400
Whiting 400
Plaice 200
Gurnard 200
Mackerel 1600
1. 1% suspension of mammalian erythrocytes were t i t r a te d
at 37^, f is h  erythrocytes at 15^.
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more sensitive  to 6-haemolysin than mammalian species. Mackerel erythrocytes 
were p a r t ic u la r ly  se n s it ive , being up to sixteen times more sensitive  than 
human or horse erythrocytes.
To te s t  fo r  va r ia tions  in  the haemolysin s e n s i t iv i t y  o f blood from 
ind iv idua l specimens o f cod and sa ithe, blood samples from twelve cod and four 
saithe were collected separately and tested fo r  haemolysin s e n s i t iv i t y  in a 
single experiment. Two-fold d i lu t io n s  of 6-haemolysin were made in CDS solu tion 
and 0.5 ml volumes o f each d i lu t io n  were added to 0.5 ml a liquots of 1% 
suspensions of erythrocytes from the ind iv idua l f is h .  The degree of lys is  in 
each mixture was measured by spectrometry and 50% end-points determined by 
p lo t t in g  percentage ly s is  against haemolysin d i lu t io n .  The maximum va r ia t ion  
in t i t r e  between ind iv idua l cod was two-fold (mean t i t r e  6000 HU/ml ; standard 
error = 350 HU/ml) which was w ith in  the experimental e r ro r  of the te s t .
S im ilar resu lts  were obtained using saithe e ry th rocy tes , from which i t  was 
concluded tha t there was no s ig n if ic a n t  va r ia t ion  in ind iv idua l s e n s i t iv i t y  
w ith in  these species.
Assay of 6-haemolysin by Radial D iffus ion in Blood Agar Plates
Kantor ejb (1972) assayed 6-haemolysin by rad ia l d i f fu s io n  in 
human blood agar plates and found tha t the diameter of the zone of haemolysis was 
proportional to  the logarithm of the haemolysin concentration. S im ilar 
experiments were therefore performed here to compare the effectiveness of f is h  
and human erythrocytes fo r  6-haemolysin assay.
Blood agar plates were prepared using cod or mackerel erythrocytes 
but these were thermolabile and deteriorated ra p id ly  at 37° and plates were 
therefore incubated at room temperature. Although f is h  blood could be collected 
asep tica lly  by swabbing the skin with ethanol th is  was not done ro u t in e ly  and
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addition of sodium azide (0.01%) to blood agar plates prevented growth o f 
contaminating microorganisms on the agar.
E ffec t of sodium chloride concentration on the diameter of haemolysis zones
The osm olality of f is h  blood is  greater than tha t from mammals 
and, in  order to determine the optimum NaCl concentration fo r  assay, cod blood 
agar plates were prepared with NaCl levels from 0.085M to 0.75M, Wells (4 irsn 
diameter) were punched in the agar and 10 yl 6-haemolysin applied to each w e ll ;  
a f te r  incubation at room temperature fo r  24 and 48 hr the diameter of each 
ly s is  zone was measured with an eyepiece and g ra t icu le .  Fig. 7 shows tha t 
a t both observation times the zones o f maximum diameter w ith c le a r ly  defined
edges were obtained at sodium chloride concentrations o f 0.2 to 0.3M. In
subsequent experiments 5.8 g/1 NaCl was added to Oxoid Blood Agar Base No. 2 
to achieve a f in a l  NaCl concentration of 0.25M.
The experiment was repeated with mackerel erythrocytes and, again, 
maximum zone diameters occurred w ith 0.25M NaCl although the d iffe rence in  zone 
diameters was not so great as with cod erythrocytes.
Rate of development of zones of ly s is
In cod, mackerel and human blood agar plates a t room temperature,
lys is  zones with 6-haemolysin were v is ib le  w ith in  4 hr but required 48 hr to 
grow to maximum size (Fig. 8 ). At th is  time the zone diameter was
proportional to log haemolysin concentration. The size o f the haemolytic zone 
was markedly dependent on the blood concentration in the agar plate (Fig. 9 ).
Comparison of human and f is h  blood fo r  rad ia l d if fu s io n  assay of 6-haemolysin
Human, cod and mackerel blood agar plates (2% v /v ) were compared fo r  
the assay of 6-haemolysin ( 128 HU/ml) by inoculation of 10 pi se r ia l d i lu t io n s  
in to  4 mm diameter wells in  each p la te. The ly s is  zone diameters were measured
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Figure 7 The e f fe c t  of increasing sodium chloride
concentration on the diameter of lys is  
zones produced by 6-haemolysin in f is h  
blood agar plates
Delta-haemolysin (10 y l )  was applied to 4 mm 
diameter wells in 1% cod blood agar plates 
containing NaCl to a to ta l concentration of 
0,085M to 0.75M and the zones o f ly s is  measured 
a f te r  24 and 48 hr at room temperature.
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Figure 8. Rate of development of ly s is  zones in  blood agar plates
Delta-haemolysin (10 y l of solutions containing 
16-128 HUgg/ml assayed w ith cod erythrocytes) was applied to 
4 mm diameter wells in  blood agar plates and ly s is  zones 
measured a f te r  4, 24 and 48 hr incubation a t room temperature.
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Figure 9 The diameter of ly s is  zones produced by 6-haemolysin 
in  blood agar plates o f varying blood concentration
Delta-haemolysin (10 y l )  was applied to 4 mm wells 
in cod or mackerel blood agar plates and the diameter of 
lys is  zones measured a f te r  48 hr a t room temperature.
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a fte r  48 hr incubation at room temperature and a graph of zone diameter against 
log haemolysin concentration p lo tted  (Fig. 10 ). Each erythrocyte species 
showed a l inea r response over the 6 - lys in  concentration range used and the 
s e n s i t iv i t y  of the three erythrocyte species was s im i la r .  The slopes of the 
lines varied widely and doubling the 6-haemolysin concentration resulted in an 
increase in zone diameter of 2.4, 1.9 and 1.3 mm fo r  mackerel, human and cod 
erythrocytes respective ly . The slope obtained with human c e l ls  was the same as 
that found by Kantor £ t  (1972) fo r  human blood agar incubated a t 37^.
Although f is h  blood agar could be used s a t is fa c to r i ly  fo r  the assay 
of 6-haemolysin, the time and quantity  of blood required did not j u s t i f y  i t s  
use in place of the tube d i lu t io n  assay with erythrocytes in  suspension.
Survey of Staphylococci fo r  6-haemolysin Production
A pre lim inary survey o f staphylococci was begun to explore the 
possible use of cod blood agar fo r  detection of 6-haemolysin production by 
c l in ic a l  iso la tes . The s tra ins  chosen fo r  study, inc lud ing f iv e  c l in ic a l  
iso la tes k ind ly  provided by Miss S. McKay (designated SM), comprised S. aureus 
stra ins Wood 46 and SM 10 (producing a-haemolysin), SM 14 and SM 15 (producing 
3-haemolysin), OK 21 (producing epidermolysin) and s tra ins  SM 6 and SM 9 
(weakly-toxinogenic). S tra in NCTC 10345 was included fo r  reference as a 
6-haemolysin-producing s tra in .
Growth of staphylococci on blood ag'ar plates at 37^
Staphylococcal iso la tes were i n i t i a l l y  cultured on mammalian blood 
agar plates to observe the haemolysis zones produced in conventional blood agar. 
Blood agar plates (containing 5% v/v human, ra b b i t ,  sheep or horse blood) were 
stab inoculated with e ight staphylococcal s tra ins  and a f te r  incubation fo r  24 hr 
at 37^ were examined and measured (Table 27 ).
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Figure 10 Comparison of zones of ly s is  produced by 
6-haemolysin in  mackerel, cod and human 
blood agar
Delta-haemolysin (10 yl of so lu tions containing 
16 - 128 HUgg/ml 6-haemolysin, assayed using cod 
erythrocytes) was applied to 4 mm diameter wells 
in  2% mackerel, cod or human blood agar and the 
diameter of ly s is  zones measured a f te r  48 hr 
incubation at room temperature.
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Table 27. Haemolysis zones produced in blood agar plates by
e igh t s tra ins o f S. aureus
Size o f haemolytic zone (mm, from colony edge to 
zone edge) produced in 5% blood agar plates of the 
fo llow ing species o f blood a f te r  incubation at 37^ 
fo r  24 hrs.
Strain Human Horse Sheep Rabbi t
NCTC 10345 0.4 0.5 0 0.3
Wood 46 0.5 0 1.8 0.4
SM 10 0 0 1.0 0.2
SM 14 0.8 1.5 2.3 0.9
SM 15 1.0 0 2.0 1.8
OK 21 1.2 2.0 2.0 1.3
SM 6 0.5 0.1 0 0.1
SM 9 0.5 0 1.4 0.8
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On sheep blood agar, s tra ins  SM 14 and SM 15 produced large zones 
of p a r t ia l  ly s is  (approx. 10 mm radius) surrounding the central area of 
complete ly s is  (2 - 2.3 mm radius) which was ch a ra c te r is t ic  of g-haemolysin 
production. Where the zone of p a r t ia l  lys is  produced by s t ra in  SM 15 extended 
to the colony of s t ra in  SM 6 complete lys is  o f ce lls  occurred near the SM 5 
colony; such syne rg is t ic  ly s is  (Williams & Harper, 1947) indicated tha t s tra in  
SM 6 probably produced 6-haemolysin in small amount and tha t s tra in  SM 15 
produced large amounts o f f-haemolysin.
S tra in Wood 46 behaved a ty p ic a l ly  in th is  experiment and zones of 
lys is  were smaller than those usually a tta ined; in fu r th e r  experiments, only 
colonies which yie lded large haemolytic zones (>3 mm radius) in  sheep blood agar
were selected fo r  experiment and these produced larger zones in ra b b it  blood
agar.
Haemolytic zones produced by staphylococci in blood agar overlay plates
Cod blood deterio rated ra p id ly  at 37° and blood agar plates 
darkened so qu ick ly  tha t ly s is  zones could not be d istinguished a f te r  overnight 
incubation. Staphylococci were therefore stab inoculated onto nu tr ie n t agar 
plates and cultured at 37° fo r  24 hr. An overlay of 10 ml 5% blood agar was 
applied to each p late a f te r  which a fu r th e r  period of incubation at 6° fo r  
48 hr was given and the zones of ly s is  measured. S. aureus s tra ins  NCTC 10345, 
Wood 46, SM 15 and SM 6 were used in i n i t i a l  experiments w ith overlays.o f human, 
horse, sheep and ra b b it  blood. Four experiments were done on duplicate plates 
in each case and the mean size of zones of complete ly s is  is  shown in Table 28.
S train NCTC 10345 produced larger zones of ly s is  in  human and
rabb it blood agar overlays than on blood agar plates and s tra in  Wood 46 
ty p ic a l ly  produced large ly s is  zones in ra b b it  and sheep blood agar overlays.
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Table 28. Haemolysis zones produced in blood agar overlay plates
Size o f haemolytic zone in m il l im etres  (colony edge to 
zone edge) produced in 5% blood agar overlays o f the 
fo llow ing  species of blood.
Strain Human Horse Sheep Rabbi t
NCTC 10345 1.6 0.5 0 2.2
Wood 46 1.9 2.6 3.9 6.9
SM 15 1.1 1.0 8.7 6.8
SM 6 0 0 0 0
Staphylococcal iso la tes were stab inoculated in to  n u tr ie n t  agar p la tes , 
incubated fo r  24 hr a t 37°, overla id with 5% blood agar and incubated 
again fo r  48 hr at 6°. The resu lts  are the mean of four experiments 
each with two agar p lates.
The 6-haemolysin producing s tra in  SM 15 again produced very large ly s is  zones 
in sheep and ra b b it  blood agar and s tra in  SM 6 fa i le d  to produce measurable 
lys is  zones in any blood type.
When 5% cod blood agar was used as an overlay on n u tr ie n t  plates 
previously inoculated w ith  e igh t s tra ins  of S. aureus and cultured fo r  24 hr 
at 37° ly s is  zones were evident around a l l  colonies. Zones o f ly s is  in cod 
blood agar were in  a l l  cases c le a r ly  defined (Plate 2 ) and larger than 
comparable zones produced in human or horse blood agar (Table 29 ). Strain 
Wood 46 again produced smaller ly s is  zones than usual on sheep and ra b b it  blood 
agar and only s tra in  SM 15 produced large lys is  zones on sheep blood agar with 
a large surrounding zone of p a r t ia l  ly s is  which in teracted w ith barely v is ib le  
zones o f p a r t ia l  ly s is  around colonies of s tra ins SM 10 and SM 14 to give arcs 
of complete ly s is  (Plate 2 ).
Williams & Harper (1947) and Marks & Vaughan (1950) stated that the 
y ie ld  of 6-haemolysin was grea tly  increased by cu ltu re  in  an atmosphere 
containing carbon d ioxide. N utr ien t agar plates were therefore stab inoculated 
w ith the e igh t staphylococcal s tra ins  and incubated in an atmosphere of e ither 
a i r  or 30% 00^/70% a i r  before app lica tion  of the blood overlay. A fte r 48 hr 
at 6° the zones o f ly s is  produced in cod or human blood agar a f te r  cu lture in 
30% COg were smaller than those obtained by cu ltu re  in a i r  in  a l l  cases 
(Table 29). However, w ith sheep blood agar a l l  zones on plates incubated in 
30% COg were greater or equal to  the size o f zones on plates incubated in a i r .
The B-haemolysin producing s tra ins  SM 14 and SM 15 produced larger lys is  zones 
on horse, sheep and ra b b it  blood agar a f te r  incubation in 30% COg.
Haemolysin t i t r e s  o f cu ltu re  supernatants of staphylococci
The above experiment indicated tha t changes in  one cu ltu ra l condition
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Plate 2. Haemolytic reaction of e ight staphylococcal
s tra ins  in blood-agar overlay plates
Staphylococcal s tra ins  were stab inoculated onto n u tr ie n t  
agar p la tes , incubated 24 hrs a t 37°, overlaid with 10 ml 
5% blood agar and reincubated fo r  24 hr a t 4°.
Staph, aureus Wood 46 SM 14 JK21 SM9
SM 10 SM 15 SM 6 NCTC 10345
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resulted in changes in the size o f ly s is  zones in  each type of blood agar which 
presumably re f lec ted  an a ltered balance o f haemolysin production by each s tra in  
of S. aureus. To obtain optimum y ie ld  of a chosen haemolysin in  broth cu ltu re  
requires consideration of medium composition, atmosphere, time and temperature 
of incubation appropriate fo r  each s tra in .  Five s tra ins  o f S. aureus (NCTC 
10345, Wood 46, SM 14, SM 15 and OK 21) were cultured in  100 ml Bernheimer's 
yeast ex trac t d if fu sa te  medium fo r  18 hr using the c u ltu ra l conditions 
previously described fo r  s tra in  NCTC 10345 (Results ) and, a f te r
cen tr ifugation  (25,000 g fo r  10 min a t 4°) the haemolysin t i t r e s  o f cu ltu re  
supernatants were determined using a 1% suspension of human, horse, sheep, 
ra bb it  or cod erythrocytes. Samples of cu lture supernatant were also heated 
(100°, 10 min) before t i t r a t i o n  to inac tiva te  a-haemolysin (Table 30 ). Heating 
caused a s ig n i f ic a n t  reduction in  t i t r e  (greater than 50%) only fo r  supernatants 
of s tra ins  Wood 46 and SM 15 when t i t r a te d  using sheep and ra b b it  erythrocytes. 
Haemolysin t i t r e s  obtained using human, horse or cod erythrocytes were not 
s ig n if ic a n t ly  diminished by heating.
Iso e le c tr ic  focusing of cu lture supernatant of S. aureus s tra in  Wood 46
The haemolytic a c t iv i t y  of the cultu re supernatant of S. aureus 
Wood 46 against ra b b it  and cod erythrocytes (Table 30 ) indicated the presence 
of a- and 6-haemolysins in  the cu ltu re  supernatant and in  order to demonstrate 
th is  more conclusively and to exclude the presence of g-haemolysin the cu ltu re  
supernatant was analysed by is o e le c t r ic  focusing. Ammonium sulphate (27 g) 
was added to 45 ml cu ltu re  supernatant and the 85% saturated ammonium sulphate 
solu tion was s t i r re d  overnight and the p rec ip ita te  collected by cen tr ifuga tion . 
The p rec ip ita te  was dissolved in 2 ml 1% g lyc ine , dialysed overnight against 1% 
glycine and 1 ml was separated by is o e le c t r ic  focusing in  the Talbot isoe lec tro - 
focusing trough to a f in a l  po ten tia l of lOOOV. The op tica l dens ity , pH and
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haemolysin t i t r e  of each f ra c t io n  against cod, ra b b i t ,  human and sheep 
erythrocytes was determined. Two peaks of haemolytic a c t iv i t y  were obtained 
(Fig. 11 ) w ith pi o f 5.2 and 7.80. The haemolytic a c t iv i t y  of the component 
of p i 5.2 was greatest against cod erythrocytes whereas the component of pi 
7.8 was most active against ra b b it  erythrocytes (Table 31 ). Haemolysin t i t r e s
against sheep erythrocytes were 16 - 32 fo ld  less than against ra b b it  
erythrocytes and did not increase a f te r  overnight incubation a t 4°.
The ac id ic  haemolysin possessed an is o e le c t r ic  po int and haemolytic 
spectrum s im ila r  to tha t of 6-haemolysin and the basic haemolysin with 
p re fe ren t ia l haemolytic a c t iv i t y  fo r  ra bb it  erythrocytes was focused w ith in  
the pi range ch a ra c te r is t ic  o f a-haemolysin.
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Figure 11 Is o e le c tr ic  focusing of concentrated cu ltu re
supernatant o f S. aureus Wood 46
Culture supernatant from a broth cu ltu re  of S. aureus 
Wood 46 was concentrated by ammonium sulphate 
p re c ip i ta t io n ,  dialysed against 1% glycine and 
analysed by is o e le c t r ic  focusing in a broad pH 
gradient (3.5 - 10). The pH and haemolytic
a c t iv i t y  o f each f ra c t io n  was assayed.
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Table 31. Haemolytic a c t iv i t y  of peak fra c t ions  obtained
by is o e le c tr ic  focusing
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Haemolysin t i t r e  w ith erythrocytes from:
Fraction pi Cod Rabbit Sheep Human
12 5.2 640 40 <10 80
27 7. 8 20 5120 320 40
*Cod erythrocytes were incubated at 15 in  CDS so lu t ion ; 
ra b b it  and human erythrocytes at 37° in  Dulbecco A PBS and sheep 
erythrocytes a t 37° in Dulbecco A PBS containing Mg^^.
DISCUSSION
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The pr inc ipa l ob jective of th is  inves tiga tion  was to assess the 
s u i ta b i l i t y  of cod and other f is h  erythrocytes fo r  the assay of staphylococcal 
6-haemolysin. The unpublished studies of Birkbeck & Arbuthnott showed tha t 
staphylococcal a- and g-haemolysins had no s ig n if ic a n t  e f fe c t  on cod 
erythrocytes and that cod erythrocytes were more susceptible than mammalian 
erythrocytes to the action of 6-haemolysin.
One of the major d i f f i c u l t i e s  envisaged in  the use o f f is h  
erythrocytes in the laboratory was the procurement of regular supplies of 
f is h  blood and a major part of th is  study was therefore devoted to 
determining suitab le conditions fo r  the long-term storage of erythrocytes to 
avoid the necessity fo r  frequent co l le c t io n .
The development o f the assay required p u r i f ie d  6-haemolysin and 
the production, p u r i f ic a t io n  and characterisation of 6-haemolysin was also a 
major part of the work. However, the prime ob jective was not a study of 
6-haemolysin per se but the development of a more sensitive  assay system 
which would eventually f a c i l i t a t e  study of the properties of 6-haemolysin. 
Determination of the properties of p u r i f ie d  6-haemolysin was therefore 
regarded as secondary to assay development.
Preparation of 6-haemolysin
The staphylococcal s tra ins  i n i t i a l l y  surveyed fo r  production of 
6-haemolysin were chosen because of th e ir  production of haemolysins not 
neutralised by high t i t r e  anti a-haemolysin. Using ra b b it  erythrocytes as 
ind icators fo r  a-haemolysin and human erythrocytes as ind ica tors fo r  
6-haemolysin, s tra in  NCTC 10345 was selected fo r  fu r th e r  study due to the 
high human/rabbit erythrocyte t i t r e  ra t io  which re f lec ted  production o f a 
large amount of 6-haemolysin and only a small quantity  of a-haemolysin.
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When 6-haemolysin was p u r if ie d  from crude cu ltu re  supernatants of 
s tra in  NCTC 10345 using hydroxyl a p a t ite , a l l  haemolytic a c t iv i t y  against cod 
erythrocytes was removed by hydroxylapatite although some haemolytic a c t iv i t y  
against ra b b it  erythrocytes remained (Table ) .  This provided some 
evidence tha t a small quantity  of a-haemolysin was produced by S. aureus 
NCTC 10345. Of the o r ig in a l haemolytic a c t iv i t y ,  45% was recovered on 
e lu tion  with 1 M phosphate bu ffe r and the f in a l  y ie ld  of 6-haemolysin was 
approximately 220 mg per l i t r e  of cu ltu re  supernatant. The y ie ld  of 
p u r i f ie d  6-haemolysin was s im ila r  to tha t obtained by Kreger et (1971) 
and the to ta l  recovered a c t iv i t y  (33,000 H U /l i t re  supernatant tested using 
human erythrocytes) was in  good agreement with the find ings of these authors.
Properties o f p u r i f ie d  6-haemolysin
Although one preparation of 6-haemolysin was freeze-dried from 
aqueous so lu t ion , a f te r  removal of the insoluble f ra c t io n  described by Kreger 
et (1971), fu r th e r  preparations were concentrated by u l t r a f i l t r a t i o n  
and stored at -70° as a concentrated so lu tion . This appeared s l ig h t ly  yellow 
and remained stable fo r  one year at -70°. A fte r thawing a s l ig h t  
p rec ip ita te  was v is ib le  in solutions maintained at 4° but no s ig n i f ic a n t  loss 
of a c t iv i t y  occurred a f te r  cen tr ifuga tion  at 50,000 x g fo r  30 min to remove 
insoluble m ateria l. Adsorption to glass or p la s t ic  surfaces was not evident 
(Heatley, 1971) but Mi 111 pore f i l t r a t i o n  caused some loss of a c t iv i t y  and 
solutions were not therefore f i l t e r - s t e r i l i s e d .  The s p e c if ic  a c t iv i t y  of 
the 6-haemolysin preparation used fo r  the experiments described in th is  thesis 
was 750 HU/mg prote in (0.8% cod erythrocytes) and 150 HU/mg (0.8% human 
erythrocytes) which was low compared to the preparations of Kreger et a l .
(1971) using a s im ila r  s tra in  o f S. aureus and s im ila r  p u r i f ic a t io n  procedure. 
Other preparations made in th is  laboratory (Birkbeck, personal communication)
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and a sample provided by Dr. A. Kreger had sp e c if ic  a c t iv i t ie s  comparable to 
tha t of Kreger ejt (1971). The re la t iv e  haemolytic a c t iv i t y  of 
6-haemolysin using cod, human and ra b b it  erythrocytes was the same as fo r  
Kreger's preparation and the reasons fo r  the lower sp e c if ic  a c t iv i t y  were not 
investigated. ■ I t  is  possible tha t aggregation ra ther than dénaturation 
of haemolysin occurred since haemolysin solutions heated b r ie f ly  to 60° or 
100° showed s l ig h t ly  increased haemolytic a c t iv i t y  (Birkbeck, personal 
communication).
The u l t r a v io le t  absorption spectrum (Fig 1) showing a maximum at 
271 nm with a small shoulder at 291 nm was very s im ila r  to those reported by 
Kayser (1966), Kreger al .^ (1971) and Heatley (1971). The shoulder at 
291 nm was cons is tently  found and the u l t r a v io le t  spectrum was remarkably 
s im ila r  to tha t of the amino acid tryptophan, suggesting the absence of 
s ig n if ic a n t  quan tit ies  o f tyrosine in  the preparation. Amino acid analyses 
of 6-haemolysin have not demonstrated the presence of tyrosine (Table 6 )
and from these analyses tryptophan would be expected to dominate the u l t r a ­
v io le t  spectrum of 6-haemolysin.
Analysis of 6-haemolysin by polyacrylamide gel electrophoresis in 
acid ic  or a lka line  buffers (Fig 2) yielded resu lts  comparable to those found 
by Kreger et (1971) and Heatley (1971) in tha t two bands were found in 
a lka line  gels and a single d if fu se  band in acid ic gels. The secondary band 
seen in a lka line  gels was fa in t  in comparison to the p r inc ipa l band and may 
have been due to contaminating protein o r, i f  the model proposed by Kantor 
^  (1972) is  co rrec t, a lower molecular weight component of 6-haemolysin.
Kantor e t a1_. (1972) detected haemolytic a c t iv i t y  corresponding to the s ing le 
stained protein band in polyacrylamide e lectrophoresis, but in the present 
study no residual haemolytic a c t iv i t y  was detected even with the more sensitive  
cod erythrocyte assay.
99
Isoe lec tric  point of 6-haemolysin
The published studies on is o e le c t r ic  focusing of 6-haemolysin have 
been reviewed previously (p. ) .  In th is  in ve s t ig a t io n , (NH^^gSO^-
prec ip ita ted  crude haemolysins of Wood 46 and p u r i f ie d  6-haemolysin from 
s tra in  NCTC 10345 were subjected to is o e le c t r ic  focusing in  the Valmë-type 
apparatus designed by Talbot & Caie (1975). This apparatus has certa in  
advantages over columns in  tha t p re c ip ita t io n  did not d is tu rb  other prote in 
zones as can occur in the LKB v e r t ic a l  column apparatus. Thus the 
fra c t ions  in  the pH gradient could be collected d i r e c t ly  thereby avoiding 
disturbance of the prote in zones. However, because of the f ixed  number of 
f rac t ions  yielded by the trough apparatus, i t s  po ten tia l reso lu tion  may be 
in fe r io r  to tha t of the v e r t ic a l  column apparatus.
P urif ied  6-haemolysin of s tra in  NCTC 10345 was focused as a s ingle 
peak (p i 4.45) which contained a l l  of the 280 nm-absorbing material and 
haemolytic a c t iv i t y  applied. The is o e le c t r ic  focusing pattern fo r  crude 
cu ltu re  supernatant of s t ra in  Wood 46 (Fig 11) was not ide n t ica l with tha t
II
of McNiven et (1972) nor of Wadstrom (1968). However, i t  is  of in te re s t  
to note that the a-haemolytic fra c t ions  were focused in  a s im i la r  pH range 
(pH 6.0 - 9.2) to those of McNiven et (1972) (a^^, a^, a^, a^) and of
II
Wadstrom (1968) (a^^^ a^^), although d iscre te peaks were not observed
in th is  pH range. Delta-haemolysin from s tra in  Wood 46 focused with a pi 
o f 5.2 and no ca t io n ic  6-haemolysin was detected.
In support of the values of pi 4.45 of p u r i f ie d  6-haemolysin,
II
Wadstrom (1968) reported th a t 6 - ly t ic  a c t iv i t y  was found only in  frac t ions  
w ith pi 4.3 - 4.6 when he analysed a p a r t ia l ly  p u r i f ie d  6 - lys in  preparation 
of Bernheimer. A d d it io n a l ly ,  pi values of 5.0 and 4.65 fo r  6 - lys in  were 
reported by Kreger et (1971) and Kantor et a l .  (1972) respective ly .
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However in contrast to the reports of Kreger e;t aj_. (1971), Kantor e t a l . 
(1972) and McNiven et (1974), no ca tion ic  6-haemolysin was found in  the 
present study in  e ith e r p u r i f ie d  6-haemolysin or crude cu ltu re  supernatants 
from s tra in  Wood 46. However since refocusing of the ca tion ic  component 
yielded both anionic and ca t io n ic  forms of 6-haemolysin (Kreger et , 1971) 
and electrofocusing in  Tween 80 yielded only the anionic form (Kantor e t a l . ,  
1972) i t  is  l i k e ly  tha t e ithe r to ta l  conversion of any ca tion ic  form to the 
anionic form had occurred in the present study or tha t the d i f fe re n t  
is o e le c tr ic  focusing apparatus caused the d ifferences.
From the haemolytic spectrum, heat s t a b i l i t y ,  ne u tra lisa t ion  by 
serum and is o e le c t r ic  po in t i t  was concluded tha t the preparation was indeed 
6-haemolysin w ith properties broadly s im ila r  to those described by Kreger 
_et (1971), Heatley (1971) and Kantor £ t  (1972) and the d is t r ib u t io n  
of prote in and haemolytic a c t iv i t y  on is o e le c tr ic  focusing showed the 
preparation to be re la t iv e ly  homogeneous, with no evidence fo r  contamination 
with the cation ic  a - ,  3- and y-haemolysins. However, as stated prev ious ly , 
a c r i t i c a l  evaluation of the homogeneity and other properties of the 
preparations WdS not w ith in  the scope of th is  thesis.
Storage of f is h  erythrocytes
Presumably the best environment fo r  preservation of f is h  
erythrocytes is  one providing as nearly as possible the conditions experienced 
in v iv o . Two main c r i t e r ia ,  osmotic pressure and pH, w i l l  be discussed here. 
As expected from a survey of the l i te ra tu r e ,  the osm ola lity  of sera from 
various species of marine f is h  was higher than mammalian sera and varied from 
359 to 501 milliosmoles/kg (Table 15). However the pH of the sera was 
re la t iv e ly  constant. CDS so lu tion provided a pH s im ila r  to tha t of the 
sera tested although the osm olality was 20% lower than cod serum. Never-
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th.eless CDS so lu tion  was considered sa t is fa c to ry  fo r  several reasons: 
F i r s t ly ,  Harden, Jones & Scholes (1974) showed tha t the measured osmolality 
o f f is h  sera was influenced by the treatment of f is h  p r io r  to withdrawal 
of blood and therefore the ' t ru e '  osmolality  of sera is  not ce r ta in . 
Secondly, Green & Hoffman (1953) showed tha t the optimum m olarity  of s a l t  
solutions fo r  suspension of f is h  erythrocytes was less than tha t predicted 
by osmolality measurements. T h ird ly ,  no morphological d ifferences were 
observed between fresh or stored erythrocytes before or a f te r  washing in 
CDS so lu tion (Plate 1). F in a l ly ,  erythrocytes could be frozen in l iq u id  
nitrogen in CDS so lu tion  using DMSO as a pro tective  add it ive  fo r  as long as 
f iv e  months (Table 17) w ith a y ie ld  up to 90% - 95% in ta c t  c e l ls .  This 
is  s im ila r  to the values reported by Hodgins & Ridgway (1965) who used 
s im ila r solutions to freeze t ro u t  and salmon erythrocytes although the time 
of storage was not given. CDS so lu tion was therefore considered a 
sa tis fac to ry  d i lu e n t although because of the varied osm ola lit ies of sera of 
d i f fe re n t  f is h  species i t  may not be ideal fo r  a l l .
Although glycerol was used as a cryopro tective agent in one 
prelim inary experiment, dimethyl sulphoxide was used throughout the re s t of 
th is  work because o f the lower v is c o s ity ,  easier removal during washing and 
the superior re s u lt  obtained by Hodgins & Ridgway (1965) in  storage o f 
salmonid erythrocytes. The optimum DMSO concentration fo r  storage of 
gadoid erythrocytes was 10 - 12.5% (Tables 16 - 18) and recoveries of 
90 - 95% erythrocytes were obtained a f te r  f iv e  months storage under these 
conditions. Attempts to increase the volume of blood stored by addition 
of undiluted DMSO to c itra ted  blood (to  a f in a l  concentration of 10% DMSO) 
resulted in ly s is  of up to 28% of e rythrocytes. Unbuffered DMSO was 
a lka line  (pH 11.3) and on addition to blood caused a s ig n if ic a n t  r ise  in  
temperature. I t  is  probable tha t addition of undiluted DMSO caused 
localised extremes of pH and temperature which lysed .the erythrocytes.
102
Addition of an equal volume of the nearly neutral pH so lu tion 
o f 15 - 30% DMSO in  CDS was found to be optimal fo r  preservation of most 
species of f is h  erythrocytes. The quantity  o f blood stored could be 
increased s a t is fa c to r i ly  by removal of plasma from c it ra te d  blood before 
addition of DMSO w ithout detriment to the recovery of erythrocytes (Tables 
20 and 21 ). The maximum erythrocyte concentration used was 34% p .c .v .  
(equivalent to 68% p .c .v .  before addition of CDS/DMSO) and higher 
concentrations were d i f f i c u l t  to manipulate. However the most sa t is fa c to ry  
means of storage was in  p e lle ts  which allowed maximum use of storage space 
in  the l iq u id  nitrogen containers and greatest ease o f recovery of any 
required quantity  of blood.
Only w ith herring erythrocytes were sa t is fa c to ry  storage 
conditions not determined. The possible reasons fo r  the high haemolysis 
were e ithe r the use of too high a concentration of DMSO or tha t the CDS 
so lu tion had too low to n ic i t y  compared with tha t of the serum (Table 15 ) ,  
or both.
Doubling d i lu t io n  assay of 6-haemolysin
In contrast to the staphylococcal a- and g-haemolysins, l i t t l e  
va r ia t ion  was observed in the haemolytic a c t iv i t y  of 6-haemolysin on f is h  
erythrocytes when the incubation temperature and io n ic  composition of the 
bu ffe r were a lte red . The 6-haemolysin t i t r e  was constant over the range 
0° - 37° in phosphate-buffered or c itra te -b u ffe red  saline of widely varied 
osmolality.
Delta-haemolysin was not activated (or destroyed) by mercapto- 
e thanol, observations compatible with the absence of cysteine in published 
amino acid analyses (Kreger e t a l . ,  1971; Heatley, 1971; Kantor e t a l . ,
103
1971). A lte ra t io n  in  the erythrocyte concentration had a marked e f fe c t  on 
haemolysin t i t r e s  and the assay s e n s i t iv i t y  could be increased 2-4 fo ld  
by reducing the erythrocyte concentration from 1.0 to 0.3%. However fo r  
visual estimation of end-points, erythrocyte concentrations o f 0.5 to 1.0% 
were normally used.
Delta-haemolysin was also assayed by rad ia l d i f fu s io n  in blood 
agar plates as proposed by Kantor et (1972). With human e ry th rocytes, 
the response to 6—haemolysin at room temperature was as found by Kantor 
et £ l .  (1972) and although a sa t is fa c to ry  response was obtained using f is h  
blood, several disadvantages to the use of f is h  blood agar became apparent. 
The heat-1 a b i l i t y  o f cod and mackerel erythrocytes, d i f f i c u l t y  in  avoiding 
contamination during withdrawal of blood from f is h ,  the e rro r in determining 
the zone diameters and time required (48 hours) to complete the assay led 
to th is  technique being abandoned fo r  routine assay in  favour of the more 
convenient doubling d i lu t io n  assay in tubes.
Of the marine f is h  erythrocytes tested, mackerel were the most 
sensitive  to the action o f 6-haemolysin but since mackerel were not ava ilab le 
throughout the year, erythrocytes of the gadoid species cod, saithe and 
haddock were used most frequently  in th is  work. Such erythrocytes were less 
sensitive  to 6 - ly s in  but were more re ad ily  ava ilab le . In contrast to the 
wide ind iv idua l v a r ia t io n  of ra bb it  erythrocytes in  th e ir  s e n s i t iv i t y  to 
staphylococcal a-haemolysin (Bernheimer & Schwartz, 1963), no s ig n if ic a n t  
va r ia t ion  was found in the response of cod and saithe erythrocytes to 
6-haemolysin when twelve cod and f iv e  saithe were tested in d iv id u a l ly .  I t  
must be emphasised tha t extensive surveys o f erythrocytes of other marine or 
freshwater f is h  fo r  s e n s i t iv i t y  to 6-haemolysin should also include 
s e n s i t iv i t y  to a- and g-haemolysins as erythrocyte membranes of some f is h  
may be sens it ive  to these haemolysins.
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Mode of action of 6-haemolysin
Although th is  thesis was not d i re c t ly  concerned with a study o f 
the mode of action of 6-haemolysin, the observations made during assays of 
the lys in  m erit discussion because o f the c o n f l ic t in g  views on mode o f 
action. Bernheimer (1970) in  a review of the mechanism of lys is  of 
erythrocytes by c y to ly t ic  agents, postulated tha t enzymic and non-enzymic 
haemolysins would be expected to lyse a d i f fe r in g  proportion of erythrocytes 
when a f ixed quantity  of haemolysin was added to varying concentrations o f 
erythrocytes. For non-enzymatic ly s in s ,  such as saponin and sodium 
deoxycholate, percentage haemolysis should f a l l  steeply with increasing 
ce ll concentration as these lys in  molecules might be expected to act only 
once. On the other hand fo r  an enzymatic ly s in ,  the molecules might act 
on many ce lls  sequen tia l ly , with the re s u lt  tha t the percentage haemolysis 
would tend to remain constant w ith increasing ce ll  concentration.
Addition of a f ixed concentration of 6-haemolysin to varying 
concentrations o f erythrocytes yie lded a d i f fe re n t  response fo r  human, 
mackerel and cod erythrocytes (Figure 6 ). The 'downward' curve obtained
r
with human erythrocytes was s im ila r  to tha t shown by Bernheimer (1970), 
but mackerel and cod erythrocytes produced a l inea r response comparable to 
tha t of m e l l i t in ,  sodium deoxycholate and staphylococcal g-haemolysin. 
Bernheimer (1970) found that the response of erythrocytes to staphylococcal 
3-haemolysin did not resemble tha t of another enzyme (Clostridium 
perfringens a - tox in ) since the 3-haemolysin was in h ib ite d  by the products 
of ly s is .  Such analyses are therefore of l im ited  value as i t  is  possible 
that a haemolysin with an enzymic mode of action could resemble a surface 
active haemolysin i f  inh ib ited  by the products of lys is  and, as stated by 
Bernheimer (1970) "There e x is t  numerous studies of the k ine tics  of
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haemolysis induced by c y to ly t ic  bacteria l toxins but the resu lts  seldom 
i f  ever have provided an unequivocal answer to the question of whether a 
given lys in  is  or is  not an enzyme."
Although no sa t is fa c to ry  conclusion was drawn from the above 
analyses, the temperature-independence of haemolysis o f f is h  erythrocytes 
over the range 0° - 37° and lack of s t im u la tion by d iva le n t cations is  
more ch a ra c te r is t ic  of a surface-active agent (Thelestam et  ^ a j^ ,  1974) 
than an enzyme. I t  should be noted tha t the action of 6-haemolysin on 
human erythrocytes is  temperature-sens it ive  over the range 0° - 37° 
(Birkbeck, personal communication) although th is  may be due to phase 
trans it ion s  in  membrane l ip id s  (O ld f ie ld  & Chapman, 1972). Therefore no 
evidence was adduced to support the contention of Wiseman & Caird (1968) 
tha t 6-haemolysin is  a phospholipase. However the experimental procedures 
of Wiseman & Caird (1968) were not followed and is o la t io n  of the plasma 
membranes of f is h  erythrocytes would be required before comparable 
experiments could be attempted.
Detection of 6-haemolysin production by staphylococci grown in  
blood agar plates
Although cod blood was too thermolabile to detect haemolysis 
zones around colonies o f staphylococci grown a t 37° on cod blood agar plates 
the technique o f overlaying blood agar onto n u tr ie n t  agar plates containing 
staphylococcal colonies yie lded lys is  zones of comparable or greater size 
to those detected in blood agar. Only a prelim inary survey was attempted 
to compare the size of ly s is  zones in blood agar containing cod blood or 
mammalian blood. Some s tra ins  of S. aureus (Wood 46 and SM 14 in 
p a r t ic u la r)  showed a wide va r ia t io n  in zone sizes in  d i f fe re n t  tests on the 
same type of blood agar.
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On sheep blood agar overlay p la tes, s tra in  SM 15 yielded zones 
of complete ly s is  surrounded by a large zone of p a r t ia l  ly s is  which was 
typ ica l of 3-haemolysin production. Synergistic ly s is  was observed only 
in sheep blood agar between s tra in  SM 15 and s tra ins  SM 10, SM 14 (Plate 2 ) 
and SM 6. Assuming tha t synergism was due to the combined action of 
3 - lys in  produced by s tra in  SM 15 and 6-haemolysin produced by other s tra ins  
and tha t the distance between the colony edge and zone edge was a function 
of the quantity  o f 6 - lys in  produced, then s tra in  SM 6 produced small 
amounts and s tra ins  SM 10 and SM 14 large amounts o f th is  haemolysin. In 
cod blood agar, s tra in  SM 6 produced very small zones and s tra ins  SM 10 
and SM 14 produced large zones.
A l l  staphylococcal s tra ins  incubated in a i r  produced haemolytic 
zones in  cod blood agar overlays and, w ith the exception of s tra ins SM 15 
and Wood 46 (on sheep blood agar and ra b b it  blood agar re spec tive ly ), zones 
were larger than on other types o f blood overlay. Zones in  cod blood 
agar overlays were la rger than in human or horse blood agar overlays in  
a l l  cases.
Culture of the s tra ins  on nu tr ien t agar in an atmosphere of 30% 
COg led to a decrease in  zone size in cod and human blood agar overlays 
with a l l  s tra ins  and with horse blood agar, only the 3-haemolysin producing 
s tra ins  SM 14 and SM 15 showed zones of increased size accompanied by a 
large increase in  zone sizes on ra b b it  blood agar. Therefore the 
quantit ies  o f each haemolysin produced was markedly affected by a l te ra t io n  
in cu ltu ra l conditions but from the zone sizes in  human, horse and cod 
blood agar there was no evidence fo r  increased 6-haemolysin production 
(Williams & Harper, 1947).
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Although only the 6-haemolysin has been shown to lyse cod 
erythrocytes, the p o s s ib i l i t y  cannot be eliminated tha t other e x tra c e l lu la r  
products may pa rt ic ipa te  in  ly s is  of ce l ls  and monospecific antiserum to 
the a - , 3- and 6-haemolysins would be required to demonstrate the c o n t r i ­
bution of each in  production of haemolysis zones.
When staphylococci were cultured in  Bernheimer's yeast ex trac t 
d ia lysate medium the re su lt ing  haemolysin t i t r e s  were low and did not 
correspond to the zone sizes in blood agar overlays. Culture supernatant 
from the a-haemolysin producing s t ra in .  Wood 46, lysed ra b b it  erythrocytes 
to high t i t r e  and on isoe lec tr ic focus ing , the erythrocyte s p e c i f ic i t y  and 
is o e le c tr ic  po in t of haemolysin focused a t pi 8.4 was comparable w ith tha t 
found by McNiven £ t  aj_. (1973) fo r  a-haemolysin. However fo r  the 
3-haemolysin producing s tra ins  SM 14 and SM 15, more appropriate cu ltu re  
conditions such as growth on s o ft  agar in an atmosphere containing CO^  
might be required fo r  optimal 3-haemolysin production (McKay, personal 
communication). Under these conditions the haemolysin spectrum should 
more c lose ly re f le c t  tha t produced in  blood agar overlay plates.
Further work a r is ing  from th is  thesis
The development o f su itab le  storage conditions fo r  f is h  
erythrocytes described in  th is  thesis should permit an extension of the 
range of erythrocytes surveyed fo r  su itab le  assays of other c y to ly t ic  agents 
In one other instance Rennie (1973) found cod and haddock erythrocytes to 
be 1000 times less sens it ive  than sheep or ra b b it  erythrocytes to the action 
of Escherichia co li  a-haemolysin. Mouse ery th rocy tes , the least sensitive  
of ten mammalian erythrocytes surveyed were s t i l l  200 times more sens it ive  
than f is h  erythrocytes which were almost to ta l ly  re s is ta n t to the action of 
E. co li a-haemolysin.
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A secondary haemolysin of Bacillus thu ring iens is  was shown to 
be 32 times more active against saithe erythrocytes than against sheep 
erythrocytes which previously had been considered the most sens it ive  assay, 
based on mammalian erythrocytes (Pendleton, personal communication). For 
the p r inc ipa l haemolysin of B. thuring iensis  ( th u r in g io ly s in )  cod and 
saithe erythrocytes were 5 - 10 x less sens it ive  than dog erythrocytes and 
5 - 10 X more sens it ive  than mouse erythrocytes.
An assay fo r  S. aureus 6-haemolysin 4 - 1 6  times more sens it ive  
than ex is ting  assays and not influenced by a -  or 3-haemolysins should 
f a c i l i t a t e  the assay of 6-haemolysin even o f re la t iv e ly  low sp e c if ic  
a c t iv i t y  in  both crude and p u r i f ie d  preparations. Despite the agreement 
of Kreger £ t  (1971), Heatley (1971) and Kantor e;t (1972) w ith 
respect to many of the physico-chemical properties o f 6-haemolysin, other 
properties are s t i l l  disputed. Fackrell & Wiseman (1975) demonstrated 
tha t the 6-haemolysin preparation of Kreger contained a- and y-haemolysins 
in s u f f ic ie n t  quan t it ies  to y ie ld  p re c ip i t in  lines on gel d i f fu s io n  and 
proposed tha t th is  might account fo r  many of the d ifferences between th e ir  
6-haemolysin preparations. However published amino acid analyses of 
a-haemolysin show the presence o f h is t id in e ,  arg in ine , p ro line  and ty ros ine , 
none of which were demonstrated in  amino acid analyses o f 6-haemolysin 
(Table 6 ). P roline was found to be the N-terminal amino acid of 
Wiseman's 6-haemolysin in  which y-haemolysin was not detectable, but 
comparative sero log ica l analyses fo r  a-haemolysin are not shown. Also the 
is o e le c t r ic  p o in t ,  heat s t a b i l i t y ,  mode of action, immunogenicity, mode of 
ne u tra lisa t ion  by serum and ro le  in  the pathogenicity o f S. aureus have not 
ye t been s a t is fa c to r i ly  established. I t  is  probable tha t d ifferences e x is t 
between 6-haemolysin preparations from d i f fe re n t  s tra ins  and an improved
109
assay system should therefore be of use. In p a r t ic u la r ,  i f  assay of 
6-haemolysin is  possible in  crude preparations containing large quantit ies  
of a- and 3-haemolysins, several s tra ins  of S. aureus could be assayed 
to investiga te  s tra in  d ifferences in  properties o f 6 - lys in .  Furthermore, 
cod erythrocytes would provide a more sensitive assay fo r  6-haemolysin 
contamination during the p u r i f ic a t io n  of a- and g-haemolysins.
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Appendix I 
Media
Yeast d i f fu sa te  medium (Bernheimer & Schwarz, 1963)
Yeast ex trac t d if fu sa te  3200 ml
Bacto Casamino Acids (Difco) 64 g
Glucose. 8 g
N ico t in ic  Acid 3.7 mg
Aneurine hydrochloride 0.4 mg
The pH was adjusted to 7.1 w ith IN NaOH and the medium
2
autoclaved at 15 lb / in  fo r  15 min.
Yeast ex trac t d if fu sa te
Yeast ex trac t (Difco) 200 g
D is t i l le d  water 500 ml
Yeast ex trac t was dissolved in d is t i l l e d  water by steaming and 
a f te r  cooling was poured in to  a 50 cm length of 2.3/4" Visking 
d ia lys is  tubing (S c ie n t i f ic  Instrument Centre, London) previously 
soaked in 70% ethanol to minimise contamination. The d ia lys is  
sac was immersed in 1600 ml d is t i l le d  water in a 5 1 beaker and 
s t i r re d  fo r  48 hours at 4°. The d ia ly s is  sac and contents were
discarded and the d if fu sa te  was made up to 1600 ml with d is t i l l e d
water. Duplicate batches of d if fusa te  were normally prepared 
to y ie ld  3200 ml of d if fu sa te .
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Erythrocyte agar overlay medium 
Base: (per 100 ml)
Tryptone soya agar (Oxoid) 4 g
D is t i l le d  water 100 ml
2
S te r i l ise d  by autoclaving fo r  15 min a t 15 lb / in  and 
dispensed in 5 ml volumes in to  5 cm pe tr i  dishes. The agar 
was allowed to harden and plates were stored at 4° u n t i l  
required.
Erythrocyte overlay (per 100 ml)
à) (human, horse, ra b b it  or sheep blood)
Blood agar base (Oxoid No. 2) 4 g
D is t i l le d  water 100 ml
b) ( f is h  blood)
Blood agar base (Oxoid No. 2) 4 g
Sodium chloride 5.8 g
D is t i l le d  water 100 ml
c) Sodium azide 1 g
D is t i l le d  water to ' 100 ml
The agar bases (a or b) were s te r i l is e d  by autoclaving fo r  
15 min at 15 Ib / in ^  and the 1% NaN^  so lu tion s te r i l is e d  by 
membrane f i l t r a t i o n .  The agar was cooled to 45° and packed, 
washed erythrocytes (5% v/v) and 1 ml of NaN^  so lu tion were 
added ase p tica l ly .
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Appendix I I  
Buffers and Diluents
Citrate/Dextrose/Sodium chloride so lu tion (CDS, Hodgkins & Ridgway, 1963)
Dextrose (Glucose) 2.05 g
Trisodium c i t ra te  0,80 g
Sodium chloride 0.40 g
D is t i l le d  water to 100.00 ml
The so lu tion  was s te r i l iz e d  by membrane f i l t r a t i o n .
Dulbecco's A phosphate buffered saline (Dulbecco & Vogt, 1954)
NaCl 8 g
KCl 0.2 g
Na^HPO  ^ 1.15 9
KHgPO^  0.2 g
D is t i l le d  water to 1000 ml
The pH was adjusted to 7.3 i f  necessary and the bu ffer
2
autoclaved at 15 lb / in  fo r  15 min.
Potassium phosphate buffers
i )  1.0 M phosphate (pH 7.4) bu ffe r .
Stock soins:
A: 1.0 M so lu tion  of potassium dihydrogen orthophosphate
(13.6 g KH^ PO^  in  100 ml d is t .  water).
B: 1.0 M so lu tion of potassium hydrogen orthophosphate
(17.4 g KgHPO^  in  100 ml d is t ,  water).
Nineteen ml o f so lu tion A and 81 ml of so lu tion  B were mixed and 
the pH adjusted by adding e ithe r stock so lu tion  u n t i l  a pH of 
7.4 was obtained.
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i i )  0.4 M phosphate (pH 6.8) bu ffe r.
Stock solutions were obtained by d i lu t io n  of the above 
1.0 M stock so lu tions.
Approximately 45 ml of so lu tion A and 55 ml of so lu tion B 
were mixed and the pH adjusted to 6.8 by adding e ithe r 
stock so lu tion .
i i i )  0.01 M phosphate (pH 6.8) was obtained by 1/40 d i lu t io n  of 
the 0.4 M phosphate bu ffe r.
Sodium phosphate bu ffe rs , 0.1 M, 0.01 M and 0.001 M, pH 6.8 (Sorensen, 1909)
A: 0.1 M sodium dihydrogen orthophosphate (13.9 g NaH^PO^/l
in  d i s t i 1 led w a te r) .
B: 0.1 M disodium hydrogen orthophosphate (35.8 g Na^HPO^.IBH^O/l
in  d is t i l l e d  w a te r).
Five hundred and ten ml of so lu tion A and 490 ml so lu tion B 
were mixed and the pH adjusted to 6.8.
The 0.01 M and 0.001 M buffers were obtained by d i lu t io n  of 
the above bu ffer in d is t i l l e d  water.
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Appendix I I I
Preparation of hydroxyl apatite  (T ise lius  et » 1956)
Solutions
i )  CaClg 0,5 M 2 l i t r e s
i i )  Na^HPO^  0.5 M 2 l i t r e s
i i i )  Phosphate bu ffe rs , pH 6.8, - see appendix I I
iv )  NaOH (40% w/w) 100 ml
Procedure
Calcium phosphate has been shown to e x is t  in  several c ry s ta l l in e  
forms including brushite and hydroxyl apa tite . T ise lius  e t a l .  
(1956) showed tha t hydroxylapatite could be prepared from brushite. 
Brushite was prepared by allowing 2 l i t r e s  of aqueous solutions 
of CaClg and Na^HPO  ^ to run at an equal flow rate (120 drops/min) 
in to  a glass beaker under s t i r r in g .  The supernatant was removed 
by décantation and the p rec ip ita te  washed four times by décantation 
with d is t i l l e d  water, resuspended to 4 1 with d is t i l l e d  water and 
100 ml fre sh ly  prepared 40% (w/w) NaOH was added. The brushite 
was boiled under s t i r r in g  fo r  one hour and very f in e  material was 
removed by décantation. The p rec ip ita te  was washed by décantation 
four times w ith d is t i l l e d  water, resuspended in 3 l i t r e s  o f 0.01 M 
phosphate bu ffer (pH 6.8) and heated ju s t  to ,bo il ing . The 
supernatant was decanted and fresh phosphate bu ffe r added and the 
suspension boiled fo r  5 min. The supernatant was again decanted 
and the suspension boiled fo r  15 min, in fresh 0.01 M bu ffer and 
then boiled twice in 0.001 M phosphate bu ffe r fo r  15 min to convert 
the brushite to hydroxylapatite . The suspension was stored in
0.001 M phosphate bu ffer at 4°.
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Appendix IV
Reagents fo r  Protein Estimation (Lowry ejt » 1951)
Reagent A; 2% sodium carbonate (Na^CO^) in  0.1 N sodium hydroxide
Reagent B: 0.5% copper sulphate (CuSO^.BH^O) in  d is t i l l e d  water.
Reagent C: 1% aqueous so lu tion  of potassium sodium ta r t ra te .
Reagent D: Equal volumes of reagents B and C were mixed and
1 ml added to 50 ml of reagent A, The solu tion 
was discarded a fte r  one day.
Reagent E: Fo lin-C ioca ltau reagent (B.D.H., Poole, Dorset).
The Folin  reagent was standardised by t i t r a t io n  
against 1 N NaOH using phenolphthalein ind ica to r 
and d ilu ted  to give a 1 N so lu t ion .
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Appendix V
Disc Gel Electrophoresis
Abbreviations
BIS N ,N' -methylenebisacrylami de (B.D.H., Poole, Dorset)
Tris  T r is (hydroxymethyl)aminomethane (Puriss , A .R ., Koch-Light,
Colnbrook, Bucks.)
TEMED N,N,N' ,N'-tetramethylethylenediamine (B.D.H., Poole, Dorset)
SDS sodium dodecylsulphate (Koch-Light, Colnbrook, Bucks.)
i )  Acid system (pH 4.3 - 7.5% acrylamide)
I . Stock solutions
A) 1 N Potassium hydroxide 48 ml
Acetic acid (g la c ia l)  17.2 ml
TEMED 4.0 ml
D is t i l le d  water to 100 ml
B) 1 N Potassium hydroxide 48 ml
Acetic acid (g la c ia l)  2.87 ml
TEMED 0.46 ml
D is t i l le d  water to 100 ml
C) Acrylamide 30 g
BIS 0.8 g
D is t i l le d  water to 100 ml
D) Acrylamide 10 g
BIS 2.5 g
D is t i l le d  water to 100 ml
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E) R iboflav in  4 mg
D is t i l le d  water to 100 ml
F) Ammonium persulphate 0.28 g
D is t i l le d  water to 100 ml
G) Sucrose (B.D.H., Analar) 40 g
D is t i l le d  water to 100 ml
Preparation of separating gel
Solution A 2 ml
Solution C 4 ml
D is t i l le d  water 2 ml
Solution F 8 ml
The so lu tion  was mixed well and 1.0 ml volumes pipetted 
in to  7.5 X 0.5 cm ( in te rna l diameter) disc gel tubes 
sealed at one end with parafilm . The so lu tion  was 
c a re fu l ly  overla id with 0.1 ml d is t i l l e d  water and the 
gels allowed to polymerise fo r  30 min in  the dark.
I I .  Preparation of large pore so lu tion  (pH 6.8)
Solution B 0.5 ml
Solution D 1.0 ml
Solution E 0.5 ml
D is t i l le d  water 2 ml
Water was removed from the gel tubes by inversion onto
absorbant paper and each tube was rinsed with large pore 
so lu tion  and c a re fu l ly  overla id with 0.15 ml large pore 
so lu tion and 0.1 ml d is t i l l e d  water. Large pore gels 
were photopolymerised fo r  15 min.
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I I I .  Tray buffer (pH 4.5)
3-alanine 31.2 g
acetic  acid (g la c ia l)  8 ml
D is t i l le d  water to 1000 ml
The bu ffer was d ilu ted  10 fo ld  fo r  use. 
Staining so lu tion
Amido black (1%) in 1% acetic acid 
Destaining gel
Solution A 1 ml
Solution C 2 ml
D is t i l le d  water 1 ml
Solution F 4 ml
Destaining solu tion
Acetic acid (7%) in  d is t i l le d  water.
i i )  A lka line  system (pH 8.9 - 1% acrylamide)
I .  Stock solutions
A) IN HCl . 48 ml
T r is  36.6 g
TEMED 0.23 ml
D is t i l le d  water to 100 ml
B) IN HCl 48 ml
Tris  5.98 g
TEMED 0.46 ml
D is t i l le d  water to 100 ml
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C) Acrylamide 28 g
Bis 0.735 g
D is t i l le d  water to 100 ml
D) Acrylamide 10 g
Bis 2.5 g
D is t i l le d  water to 100 ml
E) R iboflav in 4.0 mg
D is t i l le d  water to 100 ml
F) Ammonium persulphate 0.14 g
D is t i l le d  water to 100 ml
G) Sucrose 40 g
D is t i l le d  water to 100 ml
I I .  Preparation of separating gel and large pore so lu tion 
The procedure was exactly as fo r  the acid gel system 
except tha t the solutions specified above were used.
I I I .  Tray bu ffe r (pH 8.3)
T r is  6 g
Glycine 28.8 g
D is t i l le d  water to 1000 ml
The bu ffe r was d ilu ted  10 fo ld  fo r  use.
Staining so lu t ion , destaining gel and destaining solu tion 
These were as described fo r  the acid gel system.
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S e n s it iv i ty  of Erythrocytes o f Marine Fish to Staphylococcal Delta Haemolysin.
By T.H, Birkbeck, Lin-Po Chao and O.P. Arbuthnott (Department o f Microbiology, 
U n ivers ity  o f Glasgow).
Staphylococcal ô-haemolysin lyses many erythrocyte species to low t i t r e  and 
assay is  more d i f f i c u l t  than fo r  the more active a- and 3-haemolysins. 
Conventionally horse or human erythrocytes are used fo r  assay o f 6-haemolysin 
although the more active a- and g-haemolysins may in te r fe re  a t low concentration. 
Lysis of protop lasts (Bernheimer, A.W. et 1^_. (1972) In fec t ion  and Immunity 6» 
636) and release of ra d ioa c t ive ly  labelled nucleosides from tissue cu ltu re
II II
c e l ls  (Thalestam, M., Mollby, R. and Wadstrom, T. (1974) In fec t ion  and 
Immunity, in  the press) provide more sensitive  assays (approximately 600 units/mg 
p u r i f ie d  to x in )  w ithout in terference by other haemolysins. For routine  tests 
the haemolytic assay is  simple and convenient.
We have found tha t erythrocytes from certa in marine f is h  (cod, sa ithe , 
haddock and mackerel) were 4-16 times as sens it ive  as ra b b it  erythrocytes fo r  
assay o f 6-haemolysin (1,200-5,000 HU/mg p u r i f ie d  to x in ) .  Blood obtained from 
the dorsal aorta o f f is h  using a syringe and needle.was co llected in to  3.8% 
trisodium c i t ra te  so lu tion  and was stable at 4° fo r  one week. To ensure 
a v a i la b i l i t y  o f f is h  erythrocytes blood was stored in  l iq u id  nitrogen using 
12.5% dimethyl sulphoxide as a cryoprotective agent (Hodgins, H.O. and Ridgway, 
G.J. (1964) Nature 201, 1336). In th is  way, blood from 8 cod (100 ml) was 
stored fo r  several months w ith in s ig n i f ic a n t  ly s is  during storage.
Fish erythrocytes were not lysed by p u r i f ie d  a- and g-haemolysins and no 
syne rg is t ic  action was found between g- and ô-haemolysins. In comparative 
assays the re la t iv e  s e n s i t iv i t ie s  o f ra b b i t ,  human, cod and mackerel 
erythrocytes were 1 : 1.3 : 4 : 16 respective ly .
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